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Abstract
The high sensitivity of modern NMR instrumentation, in combination with full deuteration, enabled the measurement of long. These are beyond the limit
range NOEs between amide protons in a fully deuterated protein corresponding to distances up to 8 A
normally observed in protonated samples. Such long-distance NOEs could be observed using long mixing times, which became
possible due to reduced spin diﬀusion and T1 relaxation of the amide protons in the fully deuterated sample. This information was
used in combination with secondary structure restraints derived from secondary chemical shifts for structure calculations. With
these backbone amide proton NOEs only, a unique fold could be obtained with positional root mean square deviations from the
 for backbone and heavy atoms, respectively. Despite the low density of restraints, no mirror image
average of 1.30 and 2.25 A
problems were observed. Addition of sidechain NOE information increased the precision of the ensemble and in particular of the
core packing. The structures obtained in this way were close to the published crystal structure. NOE completeness analysis revealed
 cut-oﬀ distance.
that the cumulative completeness is still more than 80% for an 8.0 A
Ó 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction
The reduction in dipolar proton–proton relaxation in
partially deuterated proteins can be used to improve
both the resolution and the sensitivity of homonuclear
and heteronuclear NMR experiments [21,22,27,29,33,
37,43,48–50]). The resulting longer T1 relaxation times
and the absence of spin diﬀusion allow the detection of
weaker NOEs when signiﬁcantly longer mixing times are
used than what is common practice [14,26,41]. The resulting very long distances between amide protons in
fully deuterated proteins can be used as the main source
of structural information for the fold determination
[26,42,44]. The advantage of such an approach is that a
reliable protein fold can be generated at an early stage of
the NMR structure determination process, simplifying
further spectral analysis. Thus far, however, the NMR
sensitivity has been too low in practice to observe a
suﬃciently large set of long-range distances. This ap*
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proach generated at best structures of low resolution.
Additional long-range distance information was required such as obtained by selective protonation of
methyl or aromatic groups [8,9,11,31,32,35,39]. This
adds, however, an additional complication, not only
biochemically, but also in the NMR analysis with the
need of resonance assignment of methyl or aromatic
groups.
Current high-ﬁeld instruments and cryoprobe technology have improved signiﬁcantly the sensitivity of
NMR as compared to 5 years ago. In addition, reliable
NMR structure calculation protocols have been developed with improved convergence properties. Distance
information from only amide protons can be combined
with secondary structure restraints derived from 13 C,
15
N, and 1 H backbone chemical shift analysis [5,47].
This information can be supplemented with additional
NMR parameters such as residual dipolar coupling
constants from aligned molecules [40] or cross-hydrogen
bond J-couplings [13]. The resulting structural information might, however, not always be suﬃcient to uniquely deﬁne the three-dimensional structure. The real
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challenge is therefore to obtain a set of long-distance
NOEs that can uniquely deﬁne the relative position of
the secondary structure elements with respect to each
other. In b-sheets long-range dNN distance restraints
) can be
between the extended strands (typically ¼ 2.6 A
easily observed, even in fully protonated samples. Long are required to proprange dNN distances of about 6 A
erly pack a-helices against b-sheets, whereas distances
 are needed to pack two a-helices. Mal et al. [26]
of 7–8 A
 in the 15 N-, 2 H-labeled
could observe NOEs up to 6.8 A
Fyn protein. By using NOE information from both
backbone and sidechain tryptophan NH protons supplemented with 35 additional 3 J(HN ,Ha ) torsion angle
restraints the NMR structure of this all b protein could
be obtained. The relative low number of restraints
caused, however, convergence and precision problems
and partial mirror images could not be avoided. These
problems, even with NOEs corresponding to longer
) than what is commonly used,
distances (up to 7.0 A
indicate that either sidechain information is needed, e.g.,
by selectively protonating methyl groups, or alternatively, that even longer distance NOEs should be measured that can uniquely deﬁne the fold of a protein. This
is particularly true for the more general case of mixed
a=b-proteins, but even more so for all a-helical proteins.
This paper reports the observation of very long-dis between amide protons of diftance NOEs up to 8.0 A
ferent structural elements of a fully deuterated protein.
Such long-distance NOEs in the absence of spin diﬀusion have thus far not been reported. We show that the
long-distance NOE information obtained, supplemented
with dihedral angle restraints that can be derived from
13
C, 15 N, and 1 HN secondary chemical shift information, is suﬃcient to obtain a reliable three-dimensional
model. This methodology has been applied to the chymotrypsin inhibitor type 2 (CI2), a small, compact, a=b
protein that consists of 64 amino acids [46] for which
both crystal [30] and solution [24] structures have already been determined, allowing the assessment of the
precision and accuracy of this approach.

2. Materials and methods
2.1. Expression and puriﬁcation of deuterated CI2
Deuteration was accomplished following the scheme
reported previously by Gardner and Kay [10]. In order
to fully deuterate CI2, however, the random deuteration
scheme was modiﬁed and 2 H/13 C glucose was used as
the carbon source to ensure high deuteration incorporation [20]. The CI2 gene without the ﬁrst 19 unstructured residues was encoded in a pJM-CI2 plasmid that
was previously transformed into Escherichia coli BL21
competent cells [16]. The cells were ﬁrst grown in M9
minimal medium in H2 O and then transferred to the
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D2 O medium by centrifugation of the cell culture and
resuspension in the new medium. This transfer step was
repeated twice. No adaptation to the deuterated medium
was needed. For the ﬁnal culture, 1.25 L of the cell
culture was induced with 1.0 mM IPTG at an OD600 of
0.7. The cells were harvested 8 h after induction. Puriﬁcation of the 2 H-/13 C-/15 N-labeled CI2 was performed as described in by Jackson and Fersht [16].
Although the cell growth rate in the M9/D2 O medium
was 50% slower than in M9/H2 O minimal media, the
ﬁnal expression yields were comparable. The yield, after
puriﬁcation, was 35 mg of dried protein per liter of
culture. Comparison of the decoupled and undecoupled
1D 1 H and 13 C NMR spectra and MALDI-TOF mass
spectrometry indicated an incorporation of 2 H, 15 N, and
13
C isotopes of 97, 99, and 98%, respectively.
2.2. NMR experiments and chemical shift analysis
2

H-/13 C-/15 N-Labeled CI2 protein (7.33 mg) was
dissolved in 0.65 ml of 50 mM NaAc/HAc buﬀer, pH
4.4, containing 0.02% sodium azide and 5% D2 O. All
NMR experiments (1D 1 H, 2D 15 N–1 H HSQC, 3D
HNCA, 3D HN(CO)CA, 3D HNCO, 3D HN(CA)CO,
3D HNCACB, and 3D HN(CO)CACB, essentially as
described in [4]) were performed at 300 K on a four
channel Bruker DRX600 spectrometer. NMRPipe [6] was
used for NMR data processing. Assignments of 1 HN , 15 N,
13
Ca , 13 Cb , and 13 C0 chemical shifts of the deuterated
protein were carried out with NMRView [17]. The
chemical shifts of the sidechain 1 HN and 15 N resonances
were obtained from the previous assignments of the protonated sample [1] (BMRB Accession Code 4974).
2.3. NOE rate analysis and NOE intensity calibration
Two-dimensional NOE build-up experiments were
acquired with 16 scans at 300 K on a four channel
Bruker DRX600 spectrometer. The 2D NOE spectrum
used for the ﬁnal collection of the amide proton NOEs
was recorded at 300 K on a four channel Bruker
DRX750 spectrometer with a 1600 ms mixing time, 96
scans, 1024  512 complex points on F 1  F 2 and a recycling delay of 4 s.
Although the distance restraints were automatically
calibrated by ARIA, a manual calibration of NOE crosspeak intensities was carried out in order to deﬁne the
maximum cut-oﬀ for the ARIA automated p
calibration
ﬃﬃ
procedure, using the equation dij ¼ ð1=dref Þð6 ðIref =Iij ÞÞ
(where Iij is the intensity of the cross-peak between the i
and j spins, dref is a reference distance, and Iref is the
corresponding intensity). Two references were used for
this purpose: the average HN –HN þ 1 NOE intensity in the

a-helical region corresponding to a distance of 2.8 A
and the average HN –HN þ 1 NOE intensity in the b-sheet
. The
region corresponding to a distance of 4.4 A
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corresponding distances between backbone amide protons in CI2 were measured from the crystal structure
(2CI2) after addition of the hydrogen atoms with
SPDBViewer [15].
2.4. Structure calculations
The NMR structures were calculated with ARIA [34]
and CNS [3] using the Parallhdg5.2 force ﬁeld with the
PROLSQ parameters [23] as described in Bonvin et al. [1].
The distance restraints were automatically calibrated by
ARIA. Considering both the analysis of weak NOE crosspeaks against the corresponding distances in the crystal
structure and the manual calibration, the upper distance
cut-oﬀ for calibration in the calibrate.inp ﬁle was set to
. Eight consecutive iterations were carried out and
8.0 A
200 structures were calculated in each iteration. The 50
structures with lowest restraint energy were ﬁnally reﬁned
in explicit water using the OPLS parameters [18]. The
selection of the ﬁnal structures to represent the ensemble
was based on the proﬁle of maximum backbone RMSD
from the average (residues 3–62) against increasing ensemble sizes according to restraint energy sorted structures. In addition, the structures that contained NOE
 or dihedral angle violations >5° were
violations >0.3 A
rejected. After selection, the ﬁnal structures making up
each ensemble were analyzed with PROCHECK-NMR
[19], PROSAII [38], and Proﬁler3D [2,25]. All RMSD
calculations were done with the Proﬁt program [28].

3. Results
Comparison of the carbon chemical shifts between
the protonated and deuterated CI2 samples revealed

that, in general, every replacement of a proton with a
deuteron shifted the resonances of the attached carbon
by 0.4 ppm upﬁeld, in agreement with what has been
previously reported [10,12]. After chemical shifts adjustment to account for the deuterium isotope labeling,
the 64 residues of CI2 for which chemical shift information for 13 Ca , 13 Cb , 13 C0 , and 15 N atoms was available
(for the four prolines, no 15 N assignments were available) were analyzed with the TALOS program [5] in a
conservative manner as described before [1]. The TALOS analysis resulted in 39 good predictions of / and w
dihedral angles, corresponding to 60% of the 64 residues
analyzed. Most of these predictions are for residues that
are involved in secondary structural elements such as
residues 13–24 in the a-helix region and residues 28–34,
46–49, 51, 53, 54, 60, 62, and 63 in the b-sheet regions.
3.1. NOE analysis
The optimum NOE mixing time for the deuterated
CI2 protein was obtained from a rate analysis of 2D
NOE experiments recorded at ﬁve diﬀerent mixing times
ranging from 100 to 2400 ms. Fig. 1 shows cross-sections
of 2D NOE spectra corresponding to the backbone
amide proton of E7 and the sidechain NH proton of W5
at diﬀerent mixing times. Four and ten NOEs were observed for E7 and W5, respectively. The corresponding
distances in the crystal structure are indicated in the
 were readily observed
ﬁgure. Distances up to 4.4 A
with a mixing time of 100 ms. Longer distances became
only observable at mixing times of 200–400 ms. All
cross-peaks reached their maximum intensity at a mixing time of about 1600 ms and started to decrease after
this point due to T1 relaxation. A similar behavior could
be observed for most cross-peaks present in the 2D

Fig. 1. Cross-sections from 2D homonuclear NOESY datasets recorded at 600 MHz showing the build-up of the inter amide proton NOEs as a
function of mixing time. The data are for the HNe of W5 (a) and the backbone HN of glutamate E7 (b). The peak assignments and the corresponding
distances (between brackets) in the crystal structure (2CI2) are indicated on top.
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Fig. 2. Representative long-distance NOEs of CI2. (a) Crystal structure (PDB 2CI2) with observed NOEs for Ala27 (top box) and Ile57 (bottom
box). The distances between brackets were measured in the crystal structure. (b) 2D NOE spectrum of 1.5 mM 2 H-, 15 N-, and 13 C-labeled CI2
recorded at 750 MHz with a mixing time of 1600 ms. The labels a to n indicate the following long-range NOEs (with the distance in the X-ray
); b, Val51–Lys53 (7.66 A
); c, Val51–Asp55 (7.06 A
); d, Lys17–Gln22 (7.85 A
); e, Trp5–Val9
structure between brackets): a, Leu8–Val60 (7.33 A
); f, Asn56–Gln59 (8.00 A
); g, Gln22–Ala27 (7.33 A
); h, Ala27–Arg46 (7.72 A
); I, Val47–Arg62 (7.38 A
); j, Leu54–Ile57 (8.02 A
); k, Glu15–
(7.29 A
); l, Asp23–Glu26 (7.54 A
); m, Val19–Lys24 (7.71 A
); n, Gln22–Glu26 (7.87 A
). The intensities of these NOEs were calibrated by Aria
Ile57 (7.40 A
.
into upperbounds of 7.5 A
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Fig. 3. NOE completeness (in %) versus distance shell for deuterated
CI2: dashed black line, cumulative completeness; solid black line,
completeness per unit shell; solid gray line, number of observed NOEs
per unit shell; and dashed gray line, number of expected NOEs per unit
.
shell. The thickness of the shell is 0.5 A

NOE spectrum. The optimum mixing time of 1600 ms
for the NOESY experiment corresponds to 82% of the
average T1 value of the deuterated CI2 protein (T1 data
not shown).
The 2D NOE experiment with 1600 ms mixing time
on a conventional 600 MHz NMR spectrometer resulted
. In this
in observable cross-peaks for distances up to 7 A
spectrum, the sequential dNN ði;iþ1Þ connectivities are very
intense and, in most cases, the dNN ði;iþ2Þ and dNN ði;iþ3Þ
connectivities that have been reported previously were
 NOEs alone were
also clearly visible [14,41]. These 7 A
suﬃcient to uniquely deﬁne the conformation of the bsheet of CI2. However, mirror image problems were still
present, since the position of the helix was not uniquely
 distances allowed the positioning of the
deﬁned: the 7 A
helix either above or below the plane deﬁned by the bsheets. Similar mirror image problems were reported
previously when using a limited number of NOEs [26] or
cross-hydrogen-bond coupling information only [1].

Table 1
Summary of input and structural statistics
Input statistics

RunA

RunB

189

Distance restraints
Backbone
Side chain NOEs
Dihedral angle restraints

78

189
30
78

Total restraints

267

297

Structural statistics

41 Structures

42 Structures

—

Ramachandran plot
Most favored regions (%)
80.5
Additional allowed regions (%)
16.2
Generously allowed regions (%)
2.2
Disallowed regions (%)
1.1
RMSD for experimental restraintsa
)
Distance restraints (A
0.022  0.003
Dihedral angle restraints (°)
0.79  0.18
CNS energies after water reﬁnementb
Evdw (kcal mol 1 )
)610  13
Eelec (kcal mol 1 )
)2778  114
RMSD from idealized covalent geometry
)
Bonds (A
0.0038  0.0002
Angles (°)
0.45  0.03
Impropers (°)
0.46  0.05
Proﬁler3D z-scorec
11.7  3.0
Prosa II z-scorec
)5.45  0.25
)d
Average RMSD to mean (A
All residues (backbone/heavy atoms)
1.30  0.30/2.25  0.30
Secondary elements (backbone/heavy atoms)
0.70  0.25/1.50  0.20
) in ensembles against X-ray (2CI2)
Average RMSD (A
All residues (backbone/heavy atoms)
1.75  0.35/3.00  0.40
Secondary elements (backbone/heavy atoms)
0.95  0.20/2.15  0.20
) of the representative structure from each ensemble to X-ray (2CI2)
RMSD (A
All residues (backbone/heavy atoms)
1.05/1.95
Secondary elements (backbone/heavy atoms)
0.85/1.75
a
 and no dihedral angle restraint violations >5°.
No distances restraint violations >0.3 A
b
 cut-oﬀ.
The non-bonded energies were calculated with the OPLS parameters using an 8.5 A
c
d

80.9
17.0
1.4
0.7
0.026  0.003
0.73  0.18
)615  11
)2916  90
0.0040  0.0001
0.46  0.02
0.47  0.04
10.3  2.1
)5.45  0.25
0.85  0.15/1.70  0.20
0.55  0.10/1.30  0.15
1.30  0.15/2.50  0.20
0.85  0.10/2.05  0.15
1.05/2.20
0.75/1.95

Crystal structure (2CI2) proﬁler3D z-score is 9.87 and prosaII z-score is )6.06.
All residues: 3–64 and secondary structure residues: 13–24, 28–33, 45–52, 60–62 (result from TALOS prediction).
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Although the correct fold can be identiﬁed by various
methods, see example Bonvin et al. [1], a unique fold is
preferable.
After recording a 2D NOE experiment with the same
mixing time (1600 ms) at 750 MHz with 96 scans, new
important long-distance NOEs could be observed. Some
of these are shown in Fig. 2. In retrospect, these longdistance NOEs were already present in the 600 MHz 2D
NOE spectrum with 16 scans, but their intensity was
weak and close to the noise level. The ﬁvefold increase in
number of scans and the use of the 750 MHz spectrometer brought up these cross-peaks to intensities that are
relatively easy to discriminate from the noise. As described in Section 2, we estimated that the maximum
distances that would be observable in the 750 MHz
. This was conﬁrmed by
spectra of CI2 would be 8.0 A
comparing weak NOE cross-peaks with the corresponding distances in the CI2 crystal structure (indicated
between brackets in Fig. 2). There is a good correspondence between the distances derived from the NOE calibration procedure (see Section 2) and the distances in
the crystal structure since there are no intervening protons that could contribute to spin-diﬀusion between the
secondary structure elements (data not shown). Such
, have not been delong-distance NOEs, up to 8.0 A
scribed previously for protonated protein samples. Most
importantly, many of these long-distance cross-peaks
originate from protons in diﬀerent secondary structure
elements of CI2, such as from the amide protons at the
end of the a-helix to b sheets and from the amide protons
at the beginning of the a-helix to the loop region (Fig. 2).
These NOEs are particularly important because they
deﬁne the position of the a-helix with respect to the bsheet and thus remove any mirror image problems.
We also analyzed the experimental NOE data in
terms of NOE completeness [7,45] using the crystal
structure (2CI2) (Fig. 3). The NOE completeness is deﬁned as the ratio between the number of observed NOEs
and the number of expected NOEs based on the threedimensional structure. Since the protein is fully deuterated, only amide protons were considered. The decrease
 cut-oﬀ
in the number of observed NOEs after the 6.5 A
shell is due to either spectral overlap or too weak intensity. The lower and medium distance shells (under
) have approximately 93% NOE completeness. The
5.5 A
 shell is just over
NOE completeness for the 7.5–8.0 A
20%, whereas the cumulative completeness, i.e., up to a
.
certain cut-oﬀ distance, is still more than 80% at 8.0 A
No NOEs were found corresponding to distances above
.
8.0 A
3.2. Use of long-distance NOEs in structure calculation
Two independent sets of structure calculations, denoted runA and runB, were performed using two sets of
structural restraints extracted from the 2D NOE ex-
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periments, complemented by dihedral angle restraints
derived from the secondary chemical shift analysis with
TALOS [5]. Two hundred and sixty-nine NOE crosspeaks resulting in 189 distance restraints and 78 dihedral
angles were used in runA while 30 additional distance
restraints derived from 56 cross-peaks involving sidechain NH protons of tryptophan, glutamine, asparagine, and arginine were used in runB (Table 1). The
protocols were in both cases the same. From the 50
water reﬁned structures, 41 and 42 structures without
any NOE violations were obtained for runA and runB,
respectively, after analysis (see Section 2). In both cases,
a unique fold was obtained. Fig. 4 shows the per residue
RMSD plot for both sets of calculated structures. It can
clearly be seen that the ﬁrst few residues and the three
loop regions, i.e., residues 25–26, 36–44, and 53–56,
have higher RMSDs than the rest of the sequence, which
can be explained by the lack of long-distance NOEs in
those parts. Some regions converged signiﬁcantly better
after including sidechain NOE information, especially
the ﬁrst few residues and the long loop (residues 36–44).
The structural statistics for both runs are summarized
in Table 1. Despite the limited numbers of NOEs, a high
percentage of the residues fall into the most favorable

Fig. 4. Number of restraints and sequential RMSD, as a function of
the residue sequence for the two ensembles of structures calculated
with backbone proton NOEs and with backbone and sidechain proton
NOEs. The number of backbone proton NOEs is shown as ﬁlled gray
bars and sidechain proton NOEs as open bars. The black circles on top
of the NOE restraints indicate the residues for which dihedral angle
restraints were predicted with TALOS [5]. In the sequential RMSD
graph, the results from the structure calculations using only backbone
proton NOEs are indicated in gray and the ones with additional
sidechain proton NOEs in black. The structures were superimposed on
Ca, C, and N atoms of residue 3–62.
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Fig. 5. Backbone representation and core packing of the CI2 structures
calculated from backbone amide proton NOEs only (a)/(c) and with
inclusion of the 30 sidechain proton NOEs (b)/(d). Core residues are
indicated in dark gray.

 and
RMSD values to 0.85  0.15 and 1.70  0.20 A
had an even larger impact on the precision of the sidechains of core residues as depicted in Figs. 5c and d. The
ensemble precision in runB is surprisingly comparable
to the one of the published solution structure of CI2
[24] which was calculated using a much larger number
of restraints (RMSD to the average for backbone
, respecand heavy atoms of 0.8  0.2 and 1.6  0.2 A
tively).
Both sets of structures were compared to the crystal
structure (Table 1). The structures from runA are already quite similar to the crystal structure with an av
erage backbone RMSD from the crystal of 1.75  0.35 A

and of only 0.95  0.20 A when only secondary structure
elements are considered. These values drop to
 when sidechain informa1.30  0.15 and 0.85  0.10 A
tion is included (runB). A similar trend is observed for
the heavy atom RMSDs. The best deﬁned ensemble
(runB) is also the closest to the crystal structure. Fig. 6
shows a superimposition of the representative structures
(closest to the average) from the two runs and of the
crystal structure. The RMSDs over the secondary elements of the representative structures from the crystal
 for runA and
structure are as low as 0.85 and 0.75 A
runB, respectively. Considering the relatively limited
numbers of restraints, the quality of the structures from
both sets of calculations is quite good.

4. Discussion

Fig. 6. Superposition of the representative structure of ensemble
(runA, dark gray; runB, light gray) and the crystal structure (2CI2)
(black). The structures were superimposed on backbone atoms of
residues 3–62. (a) Backbone, (b) core residues. The representative
structures were taken as the closest to the average of each ensemble.

regions of the Ramachandran plot: 80.5 and 80.9% for
runA and runB, respectively, and 96.7 and 97.9%. when
including additionally allowed regions. These values are
comparable to the 98.2% calculated for the crystal
structure (2CI2). The ProsaII [38] and Proﬁler_3D [2]
scores of runA and runB (Table 1) are also close to those
of the crystal structure ()6.06 and 9.87 for ProsaII and
Proﬁler_3D, respectively).
The two ensembles of structures are depicted in Fig. 5
and show a good overlay. The ensemble RMSD to the
 for backbone
average is 1.30  0.30 and 2.25  0.30 A
and heavy atoms of residues 3–64 in runA. The addition
of sidechain NOEs in runB reduced the corresponding

Complete replacement of all non-exchangeable protons by deuterium is extremely useful for a rapid backbone assignment since all resonances are characterized
by long T2 relaxation times and sharp signals. Here we
have shown that the same sample can also be useful for
structure determination. The long T1 relaxation times of
the amide protons allow the use of very long-NOE
mixing time so that weak NOEs can be measured. In
addition, the low proton density reduces the risk of spin
diﬀusion. Using this approach, we could detect, for the
ﬁrst time, NOEs corresponding to distances up to
.
8.0 A
Further sensitivity improvements can be achieved
with cryoprobes and higher ﬁeld instruments. An estimate indicates that a signal-to-noise improvement of a
factor ﬁve is feasible in the coming years. This could
lead to the observation of almost all long distances up to
 and many additional ones up to 10.5 A
, dou9.0 A
bling approximately the number of NOE restraints that
we have used here (on average three per residues) and
should result in signiﬁcantly better deﬁned ensembles.
This, together with the improvements in data analysis
and structure calculations, should make the use of fully
deuterated samples extremely valuable, even in the case
of relatively small proteins.
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The application of this approach to larger proteins
remains a challenge. Next to the increased fold complexity, the protein concentrations will be lower and,
although TROSY methods [36] may reduce linewidth
problems enormously, it is clear that the sensitivity of
the experiments will still be signiﬁcantly lower. However, in favorable cases, i.e., highly soluble proteins, it
can be expected that a similar protocol as outlined
above could be successful, increasing the speed of data
analysis and structure calculations for these systems
possibly by an order of magnitude as well.
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