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Abstract: The use of deuteration in concert with uniform15N,13C-labeling has been critical for the chemical
shift assignment of several proteins and protein complexes over 30 kDa. Unfortunately, deuteration reduces
the number of interproton distance restraints available for structure determination, compromising the precision
and accuracy of the NMR-derived structures determined from these samples. We have recently described an
isotopic labeling strategy that addresses this problem by generating proteins labeled uniformly with15N, 13C,
and extensively with2H with high levels of protonation at exchangeable sites and the methyl groups of Val,
Leu, and Ile (δ1 only) (Gardner, K. H.; Kay, L. E.J. Am. Chem. Soc.1997,119, 7599-7600). This labeling
pattern maintains the high efficiency of triple resonance methods while retaining sufficient protons to establish
long-range NOEs between secondary structure elements. We demonstrate the utility of samples labeled in
this manner by presenting the chemical shift assignments of one of the largest monomeric proteins assigned
to date, the 370 residueEscherichia colimaltose binding protein in complex withâ-cyclodextrin (42 kDa).
The high level of CR and Câdeuteration provided by our labeling scheme enabled the collection of triple
resonance data with high sensitivity and resolution, allowing assignment of over 95% of the backbone15N,
13CR, 1HN, and side chain13Câ nuclei. By using a combination of existing experiments and a new pulse
scheme described here for correlating methyl chemical shifts with13Câ (Val), 13Cγ (Leu), or 13Cγ1 (Ile)
carbons, over 98% of methyl13C and1H assignments from Val, Leu, and Ile (Cδ1 only) have been obtained.
Analysis of the backbone chemical shifts and qualitative HN exchange data have confirmed that the MBP/
â-cyclodextrin complex has a secondary structure similar to that previously observed in a 1.8 Å crystal structure.

Introduction

Over the past forty years, solution NMR spectroscopy has
emerged as a powerful technique for the study of macromo-
lecular structure and dynamics. To successfully apply this
methodology to progressively larger and more complex systems,
it has been necessary to develop combinations of new isotopic
labeling strategies and NMR pulse sequences to address
problems with spectral resolution and sensitivity. For example,
poor chemical shift dispersion and small homonuclear coupling
constants restrict1H NMR-based studies of protein structure to
relatively small systems under 100 amino acids.1 This limit
was extended approximately 2-fold through the subsequent
development of heteronuclear triple resonance NMR methods
optimized for application to uniformly15N,13C-labeled protein
samples.2 Although chemical shift assignments have been
obtained for a number of fully protonated15N,13C-labeled pro-

teins larger than 25 kDa,3-6 rapid aliphatic13C relaxation rates
limit the sensitivity, and hence the utility, of many triple
resonance methods.

Deuterium labeling significantly alleviates the molecular
weight limitations associated with NMR studies of fully
protonated15N,13C-labeled proteins since2H substitution reduces
the magnitude of carbon-hydrogen dipolar interactions that
dominate aliphatic13C relaxation processes in protonated
molecules.7 The increase in carbon relaxation times associated
with deuteration thus restores the sensitivity of triple resonance
methods that transfer magnetization through carbon nuclei.8-11

As such, many triple resonance methods have been modified
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for use with2H, 15N,13C-labeled protein samples.12 The success
of these methods has been amply demonstrated by the chemical
shift assignments of several large proteins and protein com-
plexes, including the protein components of two large Trp
repressor/DNA complexes of 37 and 64 kDa,8,13 the 340 residue
MurB protein,14 a 29 kDa rRNA methyltransferase,15 the 29
kDa human carbonic anhydrase II protein,16 and the 259 residue
N-terminal domain from enzyme I of theEscherichia coli
phosphoenolpyruvate:sugar phosphotransferase system.17

Unfortunately, while uniform2H substitution does improve
the sensitivity of many experiments, it also lowers the number
of protons that can be used to obtain NOE-based distance
restraints. In the limit of a fully deuterated protein, NOEs are
only observed between pairs of exchangeable protons, chiefly
those at backbone amide positions. Given the heavy reliance
of current structure determination methods on internuclear
distance restraints, decreasing their total number and distribution
in this way can compromise the precision and accuracy of
solution structures determined from highly deuterated pro-
teins.18,19 In light of this significant drawback, we have recently
developed an isotopic-labeling method to generate highly
deuterated proteins that are protonated in the methyl groups of
Val, Leu, and Ile (δ1 methyl group only) residues.20 This
labeling pattern maintains a sufficient level of deuteration to
facilitate the collection of triple resonance spectra with high
sensitivity and resolution while introducing protons at the methyl
positions of hydrophobic residues that often bridge elements
of secondary structure.21 Long-range NOE-based restraints
between methyl groups can be obtained from these samples that
are critical for the determination of global protein folds.

Here we demonstrate the utility of the15N,13C,2H (1H-methyl)-
labeling strategy that we have developed by reporting the
chemical shift assignment of a 42 kDa complex ofE. coli
maltose binding protein (MBP, 370 residues) and a cyclic
heptasaccharide,â-cyclodextrin. The uniformly high level of
deuteration at the CR and Câ positions allowed the collection
of triple resonance data with excellent sensitivity and resolution,
facilitating the rapid assignment of virtually all of the backbone
15N, 13CR, 1HN and side chain13Câ chemical shifts of the 370
residue protein. The high level of protonation at the methyl
positions of Val, Leu, and Ile (Cδ1 only) residues allowed the
assignment of the methyl groups of these residues using sensitive
experiments. An analysis of the backbone chemical shifts and
HN exchange protection data has confirmed that the secondary
structure of MBP in solution is similar to that observed in a
crystal structure of the MBP/â-cyclodextrin complex. This work

establishes that solution NMR-based methods are capable of
assigning the chemical shifts of large proteins, a prerequisite
to any study of the structure or dynamics of such systems.

Materials and Methods

Unless otherwise noted, all of the NMR experiments used samples
of E. coli maltose binding protein (MBP) that were uniformly15N and
13C labeled and extensively deuterated at aliphatic and aromatic
positions except for the methyl groups of Val, Leu, and Ile (δ1 methyl
only) [referred to here as15N,13C,2H (1H-methyl)-labeling].20 15N,13C,2H
(1H-methyl)-labeled samples of MBP were generated by overexpression
from cultures ofE. coli strain BL21(DE3) transformed with the plasmid
pmal-c0, which encodes residues 1-370 of mature MBP with substitu-
tion of Ile 2 by threonine and the addition of an N-terminal methionine
(J.-M. Clement, private communication). Following transformation,
MBP was produced from a bacterial culture grown using the scheme
shown in Figure 1. Approximately 1 h pre-induction, 40 mg/L of [2,3-
2H2],15N,13C-valine (see below) and 50 mg/L of [3,3-2H2], 13C R-ke-
tobutyrate were provided as precursors for deuterated, methyl-protonated
forms of Val, Leu, and Ile. Purification of MBP was achieved using
a combination of amylose affinity, anion-exchange, and size-exclusion
chromatography, resulting in yields of approximately 20 mg/L. In
comparing15N-1H HSQC spectra recorded on these highly deuterated
samples with spectra from fully protonated molecules, we noted that a
significant number (>50) of backbone amide groups remained deu-
terated throughout the purification process (4°C, 7-10 days). To fully
protonate these sites, the protein was partially unfolded for 3 h atroom
temperature in a buffer containing 2.5 M guanidinium hydrochloride
(GuHCl) and subsequently refolded by rapid dilution into GuHCl-free
buffer containing 2 mMâ-cyclodextrin. Two 300-µL samples were
prepared in this manner and contained either 0.7 or 0.9 mM MBP, 2
mM â-cyclodextrin, 20 mM sodium phosphate buffer (pH 7.2), 3 mM
NaN3, 100 µM EDTA, 0.1 mg/mL Pefabloc, 1µg/µL pepstatin, and
10% D2O.

Constant-time (CT) 2D13C-1H HSQC22,23and CT-HN(COCA)CB13

spectra of these samples, produced using 40 mg/L of [2,3-2H2],15N,13C-
valine, established that the Val, Leu, and Ileδ1 methyl groups were
protonated to levels of approximately 85, 50, and 95%, respectively.
More recent studies have shown that significantly higher levels of Val
and Leu methyl protonation can be obtained by supplying the final
bacterial culture with a larger quantity of [2,3-2H2],15N,13C-valine
(unpublished results). For example, by adding 80 mg/L of valine 4 h
prior to induction, we were able to generate samples of the MBP/â-
cyclodextrin complex with 92( 2% (Val) and 88( 1% (Leu) methyl
protonation. Alternatively, 50 mg/L of valine supplied 1 h pre-induction
led to a sample with 88( 2% (Val) and 80( 2% (Leu) labeling,
consistent with previous results.20 In any regard, it is clear that greater
than 40 mg/L of [2,3-2H2],15N,13C-valine must be added to ensure high
level labeling of Val and Leu methyl groups (N. Goto et al., manuscript
in preparation).

CT 13C-1H HSQC spectra also demonstrated that all of the
protonated Val, Leu, and Ileδ1 methyl groups are of the CH3 type,
with no evidence of the partially protonated CH2D and CHD2

isotopomers that had been observed in Val, Leu, and Ile residues of
one previously prepared sample.24 We attribute the absence of these
unwanted isotopomers in the samples used in this work to a more
complete dilution of the partially protonated bacteria at one of the
transfer steps and the shorter induction time used for these samples (4
h, compared to 8 h). Using the protocol described in Figure 1, two
other groups have also recently produced proteins free of partially
deuterated isotopomers (R. A. Byrd, NCI, private communication; M.
K. Rosen, Sloan Kettering, private communication). In this regard, it
is worth mentioning that previous NMR studies that measured the level
of proton incorporation at the methyl positions of Val, Leu, and Ile
(Cδ1 only) established an isotopomer distribution of 92% CH3/8% CD3

for Val and Leu, while for Ile>98% CH3/<2% CD3 was observed.20
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The isotopomer distribution observed for Val was confirmed in CT-
HN(COCA)CB experiments, described below.

A [U-15N, U-10% 13C] sample of MBP was also generated to
facilitate the stereospecific assignment of Val and Leu methyl groups
by the method of Neri et al.25 This sample was produced by
overexpression using a culture of BL21(DE3) cells transformed with
the pmal-c0 vector and grown in M9 media containing15NH4Cl and
10% 13C-enriched/90%13C-natural abundance glucose. The sample
was purified as described above.

All NMR experiments were performed on a four-channel Varian
Inova 600 MHz spectrometer operating at 37°C and equipped with an
actively shielded triple resonance probe with aZ-axis pulsed field
gradient coil. Backbone chemical shift assignments were obtained by
recording 3D CT-HNCA, CT-HN(CO)CA, CT-HN(CA)CB, and CT-
HN(COCA)CB and HNCO experiments using previously described
pulse sequences,8,13,26,27with the parameters indicated in Table 1 of
the Supporting Information. Methyl1H and13C chemical shifts were
obtained from a (H)C(CO)NH-TOCSY,28 which has been optimized
for application to highly deuterated, methyl-protonated samples, and
H(C)(CO)NH-TOCSY and (H)C(CA)NH-TOCSY experiments, derived
from the (H)C(CO)NH-TOCSY. In addition, a new pulse scheme, the
(HM)CMC(CM)HM experiment, was developed to correlate the methyl
1H and13C chemical shifts with the chemical shift of the immediately
adjacent carbon. Details concerning the magnetization transfer steps
of this pulse sequence will be described in Results and Discussion.
The (HM)CMC(CM)HM data set was comprised of (49, 89, 576)
complex points in each of (t1, t2, t3), corresponding to net acquisition

times of (13.6, 24.7, and 64.0 ms). Four scans per FID were recorded
corresponding to a net acquisition time of 63 h. Acquisition parameters
for all of the remaining side-chain experiments (which have been
published previously) are listed in Table 1 of the Supporting Informa-
tion. Val and Leu methyl groups were stereospecifically assigned from
the relative phases of cross-peaks observed in13C-1H CT-HSQC
spectra25 acquired on the [U-15N, U-10% 13C] labeled MBP/â-
cyclodextrin complex and recorded with a constant-time delay of 1/JCC

(∼29 ms), whereJCC is the one-bond13C-13C coupling. Assignments
were also facilitated by recording a CT-HSQC with a delay set to 1.5/
JCC, so that only pro-S methyls are observed.29

All NMR spectra were processed using the NMRPipe package.30

Details concerning processing of the constant-time triple resonance
spectra for backbone assignment are similar to those given in Yamazaki
et al.8 and Shan et al.13 Briefly, residual water in the acquisition
dimension was minimized by a time-domain deconvolution procedure,31

followed by apodization with a 70° shifted sine-squared window
function, zero filling, Fourier transformation, phasing, and elimination
of the imaginary component of the signal. The15N dimension was
doubled using mirror image linear prediction,32 apodized with an 80°
shifted sine-squared function, zero filled, Fourier transformed, and
phased. The13C dimension in each of these experiments was processed
similarly, with the exception that the linear prediction step was omitted.
The TOCSY-based side-chain experiments were processed in a manner
similar to that of the backbone schemes, with the exception that
forward-backward linear prediction33 was employed in the13C or 1H
dimensions (F1), rather than in15N. The methyl carbon dimension of
the (HM)CMC(CM)HM data set was doubled using mirror image linear
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Figure 1. Growth scheme used to produce15N,13C,2H (1H-methyl)-labeled protein samples. All cultures were grown at 37°C with the indicated
doubling times. All steps in M9 minimal media contained 0.1%15NH4Cl and 0.3% glucose, with the listed isotopic composition, as the sole nitrogen
and carbon sources, respectively. All isotopically labeled compounds (exceptR-ketobutyrate, which was generated as described previously20) were
purchased from Cambridge Isotope Labs. Transfer steps were achieved by briefly centrifuging (at 20°C) a sufficient amount of the culture to start
the next growth step with anA600 ) 0.1, discarding the supernatant and resuspending the cell pellet in the listed volume of fresh media. As
discussed in the Materials and Methods section, the concentration of [2,3-2H2],15N,13C-valine (*) added in this study (40 mg/L) was lower than
optimal, resulting in only∼85% (Val) and∼50% (Leu) methyl protonation. We recommend the use of higher levels as described previously20 and
described in Materials and Methods. The timing of the addition of theR-ketobutyrate/valine (R-kb/Val) mixture is dependent on its volume: when
prepared using our previously described method20 these compounds are in a dilute mixture, composing a significant portion (∼20%) of the final
volume of the bacterial culture after addition. As such, theR-kb/Val mixture should be added atA600 ≈ 0.35, initially diluting the culture but
allowing it to return to this density during the following hour before induction. In contrast, by using commercially available labeledR-ketobutyrate
(Cambridge Isotope Labs), one can add the required amounts ofR-kb/Val in a smaller volume, diluting the bacterial culture to a lesser degree. In
this case, these compounds should be added atA600 ≈ 0.25 (assuming a doubling time of 130 min) to account for growth of the bacterial culture
in the following hour-long incubation. TheR-kb/Val mixture is provided in complete M9/D2O media, including 0.1%15NH4Cl and 0.3% U-[13C,
2H] glucose. Induction was triggered by the addition of 250 mg/L of IPTG. The approximate cost of the final labeling media (M9/D2O with
15NH4Cl, 0.3% U-[13C, 2H] glucose and 80 mg/L of [2,3-2H2],15N,13C-valine, and 50 mg/L of [3,3-2H2], 13C R-ketobutyrate) is $3000/liter. Note that
some cost savings can be achieved by recycling the D2O content of used media by flash distillation.
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prediction, apodized with a 50 Hz Gaussian window, Fourier trans-
formed, and phased, while the second carbon dimension was processed
similarly but without linear prediction. After each of the transformed
data sets were reduced to include only the spectral regions of interest,
the spectra were analyzed using the program NMRView34 in conjunction
with Tcl scripts provided by Bruce Johnson or written in-house,
designed to interface with the database facilities of NMRView.

The13CR/13Câ chemical shifts of MBP were analyzed using a hybrid
approach based on the13C chemical shift index35 and the method of
Metzler et al.36 where (∆CR - ∆Câ)smoothedis calculated for each residue
[(∆CR - ∆Câ) ) (13CRobs - 13CRrc)-(13Câobs - 13Cârc)], where obs
and rc refer to the observed and residue-specific random coil chemical
shifts, respectively. The table of random coil carbon chemical shifts
provided by Wishart and Sykes35 was corrected for2H-isotope effects37-
expected of a2H (1H-methyl)-labeled sample. The value, (∆CR - ∆Câ),
was plotted as a function of residue, and a three-point binomial
smoothing function was applied to generate the value (∆CR -
∆Câ)smoothed(see below). The locations of secondary structure elements
were determined by identifying groups of residues with|(∆CR -
∆Câ)smoothed| > 1.4 ppm and applying the13C CSI empirical filtering
rules.35

Results and Discussion

Backbone Assignments. It is well established that the
sensitivity of triple resonance experiments recorded on large
proteins and protein complexes can be significantly improved
through the use of2H-labeled samples.12 This improvement is
based on the reduction of line widths of carbons that would
normally be one-bond coupled to protons as well as a decrease
in line widths of remaining protons, such as those at backbone
amide positions.38 For experiments which rely on magnetization
transfer through proton-bearing carbon nuclei, such as those used
to assign the CR and Câ chemical shifts in the MBP/â-
cyclodextrin complex, this slowed relaxation resulting from the
substitution of deuterons for protons translates into diminished
magnetization losses. As such, high level deuteration of
aliphatic carbon positions is particularly desirable and is
achieved by the15N,13C,2H (1H-methyl)-labeling method (Figure
1). In particular, no significant protein resonances are visible
in the chemical shift range typical of HR or Hâ protons, as
shown in Figure 2. In contrast, intense signals are observed in
both the methyl and amide regions, resulting from theR-keto-
butyrate/valine-labeling procedure described in Figure 1 and the
unfolding/refolding steps used to generate this sample. Note
that complete protonation at the backbone amide protons is
necessary for the use of the out-and-back type HN-detected triple
resonance methods that have been developed for backbone
chemical shift assignments of highly deuterated proteins.

Figure 3 illustrates the15N-1HN HSQC spectrum of the
15N,13C,2H (1H-methyl)-MBP/protonatedâ-cyclodextrin com-
plex. The uniform intensities and line widths of cross-peaks
throughout the spectrum indicate that there are no large regions
involved in intermediate time scale exchange processes, although
a more thorough analysis identified broadening of amide
resonances located in two short sections of the protein near the
boundâ-cyclodextrin (see below).

As was observed in previous applications of the CT-triple
resonance methodology,8,13 high quality spectra with excellent

sensitivity and resolution were obtained for the MBP/â-
cyclodextrin complex. Backbone chemical shift assignments
were made using an approach similar to that used to assign the
protein components of a 64 kDa trp repressor/DNA complex.13

It is likely that the sensitivity and resolution of spectra of the
MBP/â-cyclodextrin complex (e.g., Figure 3) are better than
would be expected for those of many proteins of similar
molecular weight, facilitating the rapid assignment of the MBP
backbone chemical shifts. Through the use of automated scripts
provided with NMRView34 combined with occasional manual
intervention, one person was able to complete the bulk of the
backbone assignments (>90%) in approximately 7 days. We
anticipate that this time could be significantly decreased with
the continued development of tools designed to automate the
assignment process.

Figure 4 presents slices of CT-HNCA and CT-HN(CA)CB
spectra used in the assignment of backbone chemical shifts for
amino acids 28-39, which includes residues inR-helical, turn,
andâ-strand conformations. Despite the relatively low protein
concentration (<1 mM) used to acquire these spectra, all of
the possible inter- and intraresidue cross-peaks for the residues
shown here are observed. (The13CR chemical shifts of E28
and K29 are degenerate, as are those of T36 and V37). The
sensitivity of the correlations observed in Figure 4 is representa-
tive of the signal-to-noise observed throughout the bulk of the
protein. Both inter- and intraresidue cross-peaks were obtained
for 90.3% (HNCA) and 72.8% (HN(CA)CB) of the non-Pro

(34) Johnson, B. A.; Blevins, R. A.J. Biomol. NMR1994, 4, 603-614.
(35) Wishart, D. S.; Sykes, B. D.J. Biomol. NMR1994, 4, 171-180.
(36) Metzler, W. J.; Constantine, K. L.; Friedrichs, M. S.; Bell, A. J.;

Ernst, E. G.; Lavoie, T. B.; Mueller, L.Biochemistry1993, 32, 13818-
13829.

(37) Hansen, P. E.Prog. Nucl. Magn. Reson. Spectrosc.1988, 20, 207-
255.

(38) Markus, M. A.; Kayie, K. T.; Matsudaira, P.; Wagner, G.J. Magn.
Reson. B1994, 105, 192-195.

Figure 2. Specificity of protonation in15N,13C,2H (1H-methyl)-labeled
samples. One-dimensional1H NMR spectra were recorded of the
15N,13C,2H (1H-methyl)-MBP/â-cyclodextrin complex (a, with15N,13C-
decoupling) and of free15N,13C,2H (1H-methyl)-MBP (b, no decoupling).
Peaks fromâ-cyclodextrin (a) and glycerol or residual maltose (b) are
located below the appropriately labeled black bars; the peaks identified
with the black bar labeled with an asterisk in (a) originated from12C
contaminants that were not present in all samples.
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amino acids, whereas intraresidue correlations were noted for
94.6 and 93.7% of non-Pro residues in HNCA and HN(CA)CB
spectra, respectively. Similarly, complete HN(CO)CA and HN-
(COCA)CB data were obtained with 94.6 and 94.0% of the
possible correlations observed, respectively. It is worth em-
phasizing that all of the spectra were recorded at 37°C and at
this temperature15N relaxation measurements39 of the MBP/â-
cyclodextrin complex indicate an overall correlation time of 16.2
( 1.0 ns.

Aside from improving the sensitivity of these triple resonance
methods, the decreased13C relaxation rates in highly deuterated
systems facilitate the use of constant-time spectroscopy to record
13C chemical shifts, providing a number of benefits in the
analysis of spectra of large proteins. Most importantly, as
discussed in detail previously,8,13 CT-based methods offer
significantly better resolution than their non-CT counterparts.
This is particularly critical in the analysis of spectra of molecules
with close to 400 residues, such as in the case of MBP, and
enables the resolution of peaks separated in the13C dimension
by as little as 0.4 ppm. This is shown in Figure 4b, where
correlations to valine Câ nuclei (circled) show a main peak
flanked by a weak upfield shoulder with intensity of 13( 6%
of the main peak, corresponding to Val residues with CD(CH3)2

and CD(CD3)2 side chains, respectively. For each Val, these
two peaks are well-resolved despite the small chemical shift
difference between them (∆δ ) 0.48 ( 0.02 ppm). The
increased resolution provided by CT-based spectroscopy is
particularly crucial in establishing connections between sequen-
tial residues that have similar13CR or 13Câ chemical shifts. This
is illustrated in Figure 5 with slices from the Câ-directed CT-
HN(COCA)CB and CT-HN(CA)CB experiments where one can
clearly distinguish peaks separated by approximately 0.4 ppm.
It is important to emphasize that these CT methods require high
levels of deuteration; with fully protonated systems, unaccept-

able sensitivity losses occur from relaxation during relatively
long constant-time periods. In this regard it is noteworthy that
in the case of the CT-HN(COCA)CB and CT-HN(CA)CB
experiments, complete or near-complete levels of deuteration
at both the CR and Câ positions are necessary.8,13

In addition to improved resolution, CT-HN(COCA)CB and
CT-HN(CA)CB experiments also provide valuable assignment
information encoded in the sign of cross-peaks. As discussed
previously,13 evolution of 13Câ magnetization from one-bond
13C-13C scalar couplings during the carbon constant-time
evolution period leads to a modulation of the signal intensity
according to cosN(πJCCTC) where TC is the length of the
constant-time period andN is the number of aliphatic13C nuclei
attached to the carbon of interest. Thus by choosingTC ) 1/JCC,
cross-peaks from Câ carbons with an even number of attached
aliphatic carbons are of opposite phase relative to peaks
originating from residues with an odd number of aliphatic
carbons attached to the Câ position. By combining this sign
information along with a comparison of the observed CR/Câ
shifts to the average CR and Câ shifts of the 20 amino acids,40

we were able to quickly make residue-specific assignments
throughout most of the protein.

On the basis of the CT-HNCA, CT-HN(CO)CA, CT-HN-
(CA)CB, and CT-HN(COCA)CB experiments, a total of 96.5%
(95.6%) of all13CR (13Câ) chemical shifts were assigned along
with a comparable fraction of15N-1HN pairs (94.6% of all non-
proline amino acids). A slightly lower fraction of13CO shifts
were assigned (89.2%) based solely on HNCO data. This lower
number reflects the fact that the shifts of the carbonyl carbons
of the 21 amino acids N-terminal to proline residues cannot be
obtained from the HNCO experiment. The majority of the
missing assignments cluster in one section from P229 to K239,
where cross-peaks were not observed in spectra. Cross-peaks
from two other regions that are close to this segment either in
primary sequence (V240-Y242) or tertiary structure (A215-

(39) Farrow, N. A.; Muhandiram, D. R.; Singer, A. U.; Pascal, S. M.;
Kay, C. M.; Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.;
Kay, L. E. Biochemistry1994, 33, 5984-6003.

(40) Seavey, B. R.; Farr, E. A.; Westler, W. M.; Markley, J. L.J. Biomol.
NMR 1991, 1, 217-236.

Figure 3. 15N-1H HSQC spectrum of the MBP/â-cyclodextrin complex. Peaks assigned to backbone amides are labeled by residue number, while
those tentatively assigned to side-chain NH2 and Trp side-chain indole protons are designated by * and W, respectively.

11742 J. Am. Chem. Soc., Vol. 120, No. 45, 1998 Gardner et al.



A216) were of low intensity in spectra recorded for backbone
assignment. All of these residues are in proximity to the bound
â-cyclodextrin,41,42suggesting that conformational heterogeneity
of residues in the binding site could be responsible for the
missing cross-peaks. This is supported by3H NMR studies that
have established that significant conformational mobility exists
within the MBP maltodextrin binding site.43 It is noteworthy
that broadening has been observed in ligand-binding regions
of other proteins.14

Side-Chain Assignments. Once the backbone15N, 13CR,
1HN, and side chain13Câ chemical shifts were obtained,
assignment of methyl1H and 13C shifts of Val, Leu, and Ile
(Cδ1) residues followed. Central to this effort was the high
efficiency and specificity of methyl protonation provided by
the 15N,13C,2H (1H-methyl)-labeling protocol (Figure 1). This
resulted in the production of samples of MBP with protonated
Val, Leu, and Ileδ1 methyl groups20 in an otherwise highly
deuterated background. The specificity of the protonation in
these samples is nicely illustrated in a comparison of CT13C-
1H HSQC spectra recorded on protonated and deuterated,

methyl-protonated samples (Figure 6). This comparison also
shows that the reduction of proton-proton dipolar and scalar
couplings in such highly deuterated samples leads to a significant
narrowing of the methyl1H line widths (from 23.6( 1.8 Hz
[1H] to 16.5 ( 1.2 Hz [2H, 1H-methyl] for Ile δ1, with
comparable results for Val and Leu). Figure 6 also shows that
Leu methyl groups are relatively underprotonated in the2H, 1H-
methyl sample, as discussed in the Materials and Methods
section.

In contrast to the case of perdeuterated samples, where
experiments for side-chain assignment must of necessity begin
with magnetization on side-chain carbon spins,11 the high degree
of protonation on the methyl groups of Val, Leu, and Ile (Cδ1)
residues in samples produced with the scheme of Figure 1 allows
the use of experiments where signal originates on protons.
Because intervening carbons between the protonated methyl
groups and side-chain backbone positions are highly deuterated,
magnetization can be relayed from the methyl position to the
backbone15N, 1HN spins in a very efficient manner.28

Side-chain methyl correlations were obtained from a suite
of 13C-13C TOCSY-based experiments which have been
optimized for use with deuterated, methyl-protonated proteins.
Experiments include the (H)C(CO)NH-TOCSY,28 which links
methyl 13C chemical shifts of residuei (13Cm

i) with 15N/1HN
shifts of residuei + 1 (15Ni+1,1HNi+1), the H(CCO)NH-TOCSY
(1Hm

i,15Ni+1,1HNi+1 correlations) and the (H)C(CA)NH-TOCSY
(13Cm

i,15Ni,1HNi, and 13Cm
i,15Ni+1,1HNi+1 correlations). The

latter experiment was performed in order to obtain methyl shifts
of residues that immediately precede Pro. Figure 7 presents
strips from the (H)C(CO)NH-TOCSY and H(CCO)NH-TOCSY
data sets, illustrating the high sensitivity of the experiments.

Although the TOCSY-based experiments described above
allow the assignment of13C and1H methyl chemical shifts to
specific Val, Leu, and Ile residues, in the case of Val and Leu
they do not a priori establish which pairs of13Cm,1Hm shifts
correspond to a given methyl group. This information could
be obtained from a 4D HC(CO)NH-TOCSY;44 however, we
prefer to use a new experiment, the (HM)CMC(CM)HM, which
correlates chemical shifts of the methyl proton and carbon with
the shift of the carbon adjacent to the methyl group. One
particular advantage of this new experiment relates to its higher
sensitivity relative to the 4D HC(CO)NH-TOCSY method.

Figure 8 illustrates the (HM)CMC(CM)HM pulse scheme that
was developed. The sequence is comprised of elements that
have been described in detail previously in the literature, and
we therefore provide only a brief description here. The
magnetization transfer steps in the pulse scheme can be
schematically diagrammed as

where1Hm, 13Cm, and13C are methyl protons, methyl carbons,
and the methylene/methine carbons that are adjacent to methyl
carbons,JCH and JCC are the scalar couplings active in each
transfer step,ti (i ) 1-3) is an acquisition time, and CTti is a
constant-time indirect acquisition period. Fourier transformation
of the resultant data set gives rise to cross-peaks at (ωC

m, ωC,
ωH

m).
As indicated in eq 1, magnetization originating on methyl

protons is transferred to the directly attached carbons and the
carbon chemical shift recorded in a constant-time manner for a

(41) Spurlino, J. C.; Liu, G.-Y.; Quiocho, F. A.J. Biol. Chem.1991,
266, 5202-5219.

(42) Scharff, A. J.; Rodseth, L. E.; Quiocho, F. A.Biochemistry1993,
32, 10553-10559.

(43) Gehring, K.; Williams, P. G.; Pelton, J. G.; Morimoto, H.; Wemmer,
D. E. Biochemistry1991, 30, 5524-5531.

(44) Logan, T. M.; Olejniczak, E. T.; Xu, R. X.; Fesik, S. W.FEBS
Lett. 1992, 314, 413-418.

Figure 4. Representative slices from CT-HNCA (a) and CT-HN(CA)-
CB (b) spectra used in backbone13C chemical shift assignment. Each
F1(13C)-F3(1HN) slice is labeled by the amino acid whose15N chemical
shift is at theF2 frequency of the slice. Circled HN(CA)CB peaks arise
from correlations to Val Câ nuclei. The weak upfield (F1) shoulders
associated with the main peaks arise from the presence of a small
fraction of valine residues with13CD3 methyl groups (≈ 10%) as
discussed in the text. Positive peaks are drawn with black contours,
negative peaks with gray. Peaks marked with an asterisk (*) are aliased
in F1.

1Hm98
JCH 13Cm (CT t1) 98

JCC 13C (CT t2) 98
JCC 13Cm98

JCH 1Hm (t3)
(1)
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duration of T ≈ 1/2JCC. During this period, evolution of
magnetization due to the one-bond13C-13C coupling occurs
so that immediately prior to the13C 90° pulse of phaseφ3, the
signal of interest is given by HmzCm

xCz, whereXi corresponds
to thei component ofX magnetization. Subsequent application
of the 90°φ3 pulse creates signal of the form Hm

zCm
zCx, which

evolves for a period of 2T during the second constant-time
acquisition interval, extending from a to b in Figure 8.

Magnetization is returned to the methyl proton for detection by
retracing the steps described above. A number of additional
features of the pulse scheme are noteworthy. Correlations from
Val are readily separated from cross-peaks originating from Leu
or Ile using a scheme in which spectra are recorded with the
13CR selective pulse applied at either point A or B in Figure 8.
Note that during the 2T (∼1/JCC) period 13C magnetization
evolves from homonuclear couplings originating from each

Figure 5. Utility of high-resolution CT-HN(CA)CB and CT-HN(COCA)CB spectra in correlating sequential residues with poor13Câ chemical
shift separation. Slices from each experiment were taken at the15N, 1HN shifts of the C-terminal residue in the pair of residues listed on each
HN(CA)CB strip. ∆δ is the difference in13C chemical shifts between the Câ nuclei of the two sequential residues. Positive and negative cross-
peaks are drawn with black and gray contours, respectively.

Figure 6. Efficiency and selectivity of2H (1H-methyl)-labeling at side chain positions. CT13C-1H HSQC spectra were acquired on MBP/â-
cyclodextrin complexes, using13C,1H-(a) or 13C,2H (1H-methyl)-labeled MBP. Spectra are plotted at equivalent levels, accounting for differences
in sample concentration. Two Ileγ2 cross-peaks (circled) with upfield13C chemical shifts are located in the Ileδ1 box of spectrum a. Peaks marked
with an m in spectrum b are from a small fraction of maltose-bound MBP (≈5%) present in the sample after theâ-cyclodextrin exchange step.

11744 J. Am. Chem. Soc., Vol. 120, No. 45, 1998 Gardner et al.



directly coupled carbon spin. In the case of Val residues, the
selective13CR pulse at point A results in a net refocusing of
the evolution due toJCRCâ for the 2T interval. In contrast, if
the selective pulse is applied at position B in the sequence,
evolution from JCRCâ proceeds for the entire 2T period, in-
verting the sign of the magnetization at point b. The signals
from Leu and Ile are not affected by the13CR selective pulses.
Hence, linear combinations of the A and B experiments pro-
vide subspectra containing cross-peaks from only Val (A- B)
or Leu/Ile(δ1) (A + B). A second point of note is that a1H
180° pulse is included after an interval oft2/2 + τb from the
start of the second constant-time period. This pulse elimi-
nates signal originating from molecules where carbons adjacent
to methyl groups have small levels of residual protonation.26

It is important to emphasize that we have no evidence to sug-
gest residual protonation at carbon positions on methyl-
containing residues in samples that have been prepared accord-
ing to Figure 1.

The utility of this experiment is demonstrated in Figure 9
where several slices from the (HM)CMC(CM)HM data set
recorded on the MBP/â-cyclodextrin complex are illustrated.
The combination of the two13C constant-time indirect detection
periods and residue-specific editing provides spectra that are
relatively free of cross-peak overlap, critically important for the
successful analysis of data from a molecule containing 122 Val,
Leu, and Ile (δ1) methyl groups. On the basis of results from
the (HM)CMC(CM)HM experiment alone, many of the Val
methyl groups could be assigned by comparing13Câ chemical
shifts obtained from this experiment with the Val13Câ assign-
ments previously generated as part of the backbone assignment.
The assignment of the remaining Val and of all of the Leu and
Ile (δ1) residues was achieved using data from the TOCSY-
based experiments described above and the (HM)CMC(CM)-
HM. The combination of data from the TOCSY-based and
(HM)CMC(CM)HM experiments was particularly valuable for

Val and Leu residues which have at least one methyl group
with chemical shifts within 0.2 ppm (13C) or 0.05 ppm (1H) of
other methyls in13C-1H HSQC spectra (approximately 50%
of the Val and Leu in the MBP/â-cyclodextrin complex). In
these cases, the resolution in the methyl carbon and proton
dimensions of the TOCSY-based experiments may not be
sufficient to uniquely identify a single13C-1H HSQC cross-
peak. These ambiguities were resolved using (HM)CMC(CM)-
HM spectra, taking advantage of the high resolution afforded
by the13Câ (Val) or 13Cγ (Leu) chemical shifts.

In total, 119 of the 122 Val, Leu, and Ile (δ1) methyl groups
were assigned in the MBP/â-cyclodextrin complex (Figure 10).
The three missing methyl groups are from two residues (Ile 235,
Val 240) that are in an exchange-broadened region of the15N-
1HN HSQC, where15N-1HN correlations are either very weak
or are not observed. We have tentatively assigned a13C-1H
HSQC peak to the Val 240γ1 methyl group since the13C and
1H chemical shifts of this cross-peak are in the region of the
spectrum where Val methyls are found and since all of the other
peaks in this region were accounted for. The stereospecific
assignment of this methyl was obtained from the sign of its
cross-peak in a13C-1H HSQC spectrum recorded on a 10%
13C-labeled sample.25 Finally, assignment of the Leu Cγ and
Ile Cγ1 carbons followed directly from the (HM)CMC(CM)-
HM spectrum, once the identity of all of the methyl peaks was
established. Table 2 in Supporting Information provides a listing
of all of the 15N,13CR,13Câ, and 1HN shifts as well as of the
methyl 1H and13C chemical shifts of Val, Leu, and Ile (Cδ1)
residues in the MBP/â-cyclodextrin complex.

Analysis. The chemical shift assignments that we have
obtained form the basis for identifying structural elements within
the MBP/â-cyclodextrin complex through an analysis of the
deviations of the observed13CR and13Câ chemical shifts from
their residue-dependent random coil values.35,36,45 In Figure 11a,
the parameter (∆CR - ∆Câ)smoothed

36 is plotted for each residue
for which chemical shift data is available. Multiple regions are
observed where consecutive (∆CR - ∆Câ) values exceed a
threshold level, identifying helical [(∆CR - ∆Câ)>1.4] and
strand [(∆CR - ∆Câ) < 1.4] secondary structure elements.
Examining the locations of these elements (Figure 11b) shows
them to be well correlated with the positions of comparable
structural elements in a 1.8 Å crystal structure of the MBP/â-
cyclodextrin complex (Figure 11c).42

Additional information on the presence of secondary structure
elements is provided by qualitative2H-1H exchange protection
data that can be easily obtained from highly deuterated proteins.
When such proteins are biosynthetically produced in D2O-rich
media, all of the exchangeable sites (including backbone amides)
are fully deuterated. Many of these sites become protonated
by exchange processes during the subsequent purification in
H2O-based buffers. However, a significant number of backbone
amides (approximately 50 in our system) exchange too slowly
during the purification process (4°C, 7-10 days) to become
highly protonated, suggesting that these sites are protected from
exchange by their involvement in stable hydrogen bonds as
might be found in elements of regular secondary structure.
Exchange protection was assessed in a qualitative manner by
recording two15N-1H HSQC spectra of the MBP/â-cyclodex-
trin complex, one prior to the guanidinium unfolding/refolding
step in our sample preparation and one afterward. Residues
that were absent or severely attenuated in the first spectrum
(compared to the second) were scored as protected and are
indicated with dots in Figure 11b. Most of these protected

(45) Spera, S.; Bax, A.J. Am. Chem. Soc.1991, 113, 5490-5492.

Figure 7. (H)C(CO)NH-TOCSY (a) and H(C)(CO)NH-TOCSY (b)
spectra of the15N,13C,2H (1H-methyl)-MBP/â-cyclodextrin complex.
Strips are labeled with the identity of the methyl-containing residue.
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residues are located in secondary structure elements identified
by analysis of the (∆CR - ∆Câ)smoothedparameter or from the
X-ray structure of the MBP/â-cyclodextrin complex.

Concluding Remarks

Using the15N,13C,2H (1H-methyl)-labeling protocol described
in Figure 1 in concert with a suite of triple resonance,
multidimensional experiments optimized for use with such
samples, we have been able to assign the chemical shifts of
virtually all of the 15N,13CR,13Câ, and1HN nuclei in the 370

residue MBP component of a 42 kDa MBP/â-cyclodextrin
complex. Near complete assignments for the methyl carbon
and proton chemical shifts of Val, Leu, and Ile (Cδ1) residues
have been obtained as well. These chemical shift assignments
were made in the absence of any information derived from the
crystal structure of this complex.42 This structure was examined
only after the assignment was completed, allowing a comparison
of the NMR- and crystallographically determined locations of
secondary structure elements within the protein. In addition,
analysis of the crystal structure proved useful for rationalizing

Figure 8. Pulse sequence for the (HM)CMC(CM)HM experiment. All narrow (wide) rectangular pulses have flip angles of 90° (180°). 1H, 13C,
and2H rectangular pulses are centered at 4.66 (water), 25.0, and 2.5 ppm, respectively, and are applied with 31, 21, and 1.9 kHz rf fields, respectively.
The single shaped pulse (350µs) on the13C channel has the RE-BURP profile48 and is centered at 38 ppm by a 13 ppm phase-modulation of the
carrier frequency.49,50 Note that this pulse is of sufficient strength to cover the entire range of aliphatic13C chemical shifts. The13CR selective
pulses are 1.3 ms long and have the I-BURP2 profile48 with a center of excitation at 62.5 ppm (37.5 ppm modulation of the carrier).2H decoupling
was achieved using a 0.7 kHz WALTZ-16 field,51 whereas13C decoupling during acquisition employed a 2.2 kHz GARP-1 field.52 2H decoupling
is interrupted prior to the application of gradient pulses.53 The location of the first13CR selective pulse was alternated between points A and B and
data recorded in an interleaved manner. Postacquisition combination of FIDs from experiments recorded with the pulse at A and B was achieved
using in-house written software. The following delays were used:τa ) 1.9 ms,T ) 14.5 ms (≈ 1/2JCC) and τb ) 1.92 ms. The phase cycle
employed is: φ1 ) (x,-x); φ2 ) x; φ3 ) 2(y),2(-y); φ4 ) 2(x),2(-x); φ5 ) 4(x),4(-x); φ6 ) 4(y),4(-y); φR ) (x,-x). F1 and F2 quadrature
detection was achieved by States-TPPI54 of φ1 (F1) and ofφ1, φ2, φ3 (F2), respectively. The duration and strengths of the gradients areg1 ) (500
µs, 10 G/cm);g2 ) (400 µs, 5 G/cm);g3 ) (1 ms, 15 G/cm);g4 ) (200 µs, 18 G/cm);g5 ) (600 µs, 10 G/cm);g6 ) (500 µs, 5 G/cm);g7 )
(800 µs, 8 G/cm) andg8 ) (200 µs, 3 G/cm). The2H lock channel is interrupted at the start of each transient and re-engaged immediately prior
to acquisition.

Figure 9. (HM)CMC(CM)HM spectra of the15N,13C,2H (1H-methyl)-MBP/â-cyclodextrin complex. Regions ofF1 (13Cm)-F3 (1Hm) slices are
illustrated from planes with theF2 frequency indicated at the top of each slice. Peaks marked with * are more intense on an adjacentF2 plane.
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the locations of the few nonassigned regions in light of possible
ligand-related exchange processes.

Our analysis here shows that MBP in this complex has a
similar global structure in solution and crystalline forms,
although local structural differences have been identified from

NOE and heteronuclear coupling data.24 With the backbone
and side-chain chemical shifts of this complex now available,
we are proceeding with the collection and assignment of NOE-
based distance restraints. Here, the2H (1H-methyl)-labeling
pattern provides the opportunity to obtain CH3-HN and CH3-

Figure 10. CT 13C-1H HSQC of the15N,13C,2H (1H-methyl)-MBP/â-cyclodextrin complex. Cross-peaks are labeled with their assignments; the
V240γ1 assignment is tentative (see text) and is therefore labeled with *. Peaks marked with an m are from a small fraction of maltose-bound MBP
(∼5%) present in the sample after theâ-cyclodextrin exchange step.

Figure 11. Identification of secondary structure elements in the MBP/â-cyclodextrin complex by NMR chemical shift methods. (a) (∆CR - ∆Câ)smoothed

index plot.36 The dashed lines indicate the 1.4 ppm threshold for identification of secondary structure elements. (b,c) Comparison of the secondary
structure elements identified by the (∆CR - ∆Câ) index (b) and those in the crystal structure of the MBP/â-cyclodextrin complex (c) (PDB code
1dmb42). Helical and strand segments are indicated by filled and unfilled bars, respectively. The secondary structure assignments used in panel c
were made with the program MOLMOL.55 The dots in panel b indicate residues protected from HN exchange as determined by a qualitative
analysis of15N-1H HSQC spectra recorded on the MBP/â-cyclodextrin complex before and after the unfolding/refolding step described in Materials
and Methods.
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CH3 distance restraints between residues that are widely
separated in primary sequence. Central to this effort has been
the development of a number of new NOESY experiments24,46

that incorporate constant-time chemical shift evolution periods
so that13C chemical shifts can be recorded with high resolution.
It is anticipated that the present labeling methodology and the
NOE- and dipolar coupling47-based NMR experiments that have
recently been developed will play an important role in facilitat-
ing NMR-based structural studies of proteins in the 35-50 kDa
molecular weight range.
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