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Abstract

A new approach for the isotopic labeling of proteins is proposed that aims to facilitate side chain resonance assignments. Residue-
correlated (RC) labeling is achieved by the expression of a protein on a medium containing a mixture of labeled, e.g.,
[U-13C,"N]amino acids, and NMR silent, [U-2H]amino acids. De novo synthesis of amino acids was suppressed by feedback inhibition
by the amino acids in the growth medium and by the addition of B-chloro-L-alanine, a transaminase inhibitor. Incorporation of these
amino acids into synthesized proteins results in a relative diminution of inter-residue NOE interactions and a relative enhancement of
intra-residue NOEs. Comparison of the resulting NOE spectra with those obtained from a uniformly labeled sample allows identi-
fication of intra-residue NOE peaks. Thus, this approach provides direct information for sidechain assignments in the NOE spectra,
which are subsequently used for structural analysis. We have demonstrated the feasibility of this strategy for the 143 amino acid
nuclease inhibitor NuiA, both at 35°C, corresponding to a rotational correlation time of 9.5ns, and at 5°C, corresponding to a

rotational correlation time of 22 ns.
© 2003 Elsevier Inc. All rights reserved.

1. Introduction

The determination of protein structure by NMR
spectroscopy typically involves resonance assignment
followed by assignment and interpretation of NOESY
data. Assignment of the sidechain resonances is often a
critical and rate limiting step in this process. The most
useful approaches to sidechain assignments have in-
volved TOCSY and COSY experiments, specifically the
HCCH-TOCSY [1,2], the related H(CCO)NH- and
(H)C(CO)NH-TOCSY [3,4], and the HCCH-COSY
experiments [5,6]. The primary limitation of TOCSY
experiments results from the limited magnetization
transfer efficiencies that decline with increasing molec-
ular size. The magnetization transfer efficiency has been
calculated to be ~14% for a protein of 13kDa to ~8%
for a protein of 30 kDa and 4% for a 50 kDa protein [7].
The low transfer efficiency and rapid transverse relaxa-
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tion of protonated carbons in larger proteins limits the
signal-to-noise that can be attained in these experiments,
and thus the utility of the TOCSY experiments in gen-
eral [8]. In addition, the need to irradiate a large band-
width in the TOCSY experiment leads to high power
requirements with resultant sample heating. Spectral
overlap can also be a problem in the HCCH-TOCSY
experiment due to limited dispersion in the '*C dimen-
sion. Enhanced resolution can be obtained by utilizing
SN dispersion with the related H(CCO)NH- and
(H)C(CO)NH-TOCSY experiments, but the transfer
efficiency problem is exacerbated by the need to transfer
polarization via the smaller 'Jyc coupling interactions,
and the carbonyl CSA relaxation limits the use of these
experiments with larger proteins.

Many strategies to improve the TOCSY experiments
have been proposed, in order to expand the range of
applicability to larger proteins. Partial deuteration has
been used to improve the relaxation characteristics of
the protein sample and the H({CCO)NH- and (H)C(CO)
NH-TOCSY experiments were appropriately optimized
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for the sample [8]. However, the use of partial deutera-
tion leads to multiple isotopomers with resulting spec-
tral complications and ultimately the transfer efficiency
will be limiting. Alternatively, the C(CC)(CO)NH-
TOCSY experiment has been used to assign the '3C
sidechains in U->H,"*C,'N-labeled molecules [9], fol-
lowed by correlating the 'H and '*C shifts with HCCH—
TOCSY data obtained on U-'3C,'’N-labeled samples.
This approach also is limited by the fast transverse re-
laxation of protonated carbons in the doubly labeled
proteins [8]. The HCCH-COSY is also unsuitable for
larger proteins because the experiment is limited by the
complexity and overlap of the phase sensitive data
obtained.

Alternate strategies for sidechain assignment involve
the use of short mixing times in the NOESY experiment
to select the more proximate, intra-residue crosspeaks,
and finally the selective labeling of individual residue
types [10,11]. The use of short mixing times in NOESY
experiments will select resonances based on inter-proton
distances and this approach is subject to significant er-
rors since the assumption that intra-residue 'H-'H dis-
tances are always less than inter-residue 'H-'H
distances does not always hold. Fischer et al. [7] have
proposed that the *C—'3C NOESY experiment can be a
preferable alternative to TOCSY for larger proteins.
This would compensate for transfer efficiency problems,
but would still suffer from the poorer 3C dispersion and
spectral overlap.

Several groups have prepared proteins that contain
specific protonated amino acids in a background of
deuterated amino acids [10,12-18]. In these studies, the
primary goals were spectral simplification or selective
NOE information. However, assignment information
can also be derived from NOE studies on such proteins,
since the ratio of intra/intermolecular NOE values will be
enhanced. Nevertheless, the use of these approaches to
obtain sidechain assignments is not general, and can fail
even if only a single residue type is protonated. This will
occur if the inter-residue '"H-'H distances for particular
pairs of protons on the protonated residues happen to be
shorter than the intra-residue 'H-'H distances for that
particular proton pair. Further, in order to provide a
general assignment strategy, it would be necessary to
prepare 20 samples, each containing a particular pro-
tonated amino acid type in a deuterated background.

In the present study, we propose an alternative ap-
proach for sidechain assignment which is based on the
introduction of a residue-correlated (RC) labeling pat-
tern achieved by expression on a medium containing a
mixture of [U-*C, ’N]amino acids and [U-*H]amino
acids. This approach seeks to position “NMR-active”
residues that are U-'H,"*C,">N-labeled among “NMR-
silent” residues that are U->H-labeled. In the following
discussion, we refer to this labeling distribution as resi-
due-correlated (RC) labeling. This type of labeling can

be readily achieved by growth of the Escherichia coli or
other organism expressing the protein on a medium
containing a mixture of [U-*C,'>NJamino acids and [U-
’H]amino acids in a ratio a:1 — &, where o is the frac-
tional labeling parameter. For such a labeled protein,
the intensities of the intra-residue NOEs will be oy,
while the intensities of the inter-residue 'H-'H NOEs
will equal o]y, where Iy would be the intensity of the
NOE peaks in the U-['*C,'3N]-labeled sample. The de-
crease in spin diffusion resulting from the presence of the
1 — o fraction of deuterated residues will reduce the in-
tensity losses resulting from the dilution of protonated
residues in a manner which will depend on the fractional
labeling parameter «. In this paper, we evaluate the
success of this labeling approach with a protein that has
been studied extensively in our laboratory, the nuclease
A inhibitor (NuiA) from Anabaena sp.

2. Methods

NuiA protein was over-expressed in E. coli and pu-
rified by the published method [19,20]. Residue-corre-
lated labeling was effected by growing the culture in a
medium consisting of two parts completely deuterium-
labeled medium (Martek 9-d > 98% from Spectra Stable
Isotopes, Columbia, MD) and 1 part 3C-, "N-labeled
medium (Martek 9-CN). Although, it was anticipated
that the presence of a full complement of amino acids in
the growth medium would suppress de novo synthesis,
we also added 100 uM pB-chloro-L-alanine to inhibit
transaminases [11]. In general, the presence of a 1:2 ratio
of [U-BC]p-glucose:[U-H]p-glucose present in both
media, would be expected to result in a complex labeling
pattern of newly synthesized amino acids [21]. Since the
Martek 9-d media also contained D,O, the final water
composition of the growth medium was 67% deuterated.
The composition of the water is presumably not relevant
if de novo amino acid synthesis is fully suppressed, but
the deuteration may prove useful if there is some de novo
synthesis, as is inevitable for glutamate and aspartate
using the approach described here. The NMR sample
contained 3 mM protein in 90 mM deuterated Tris—HCI,
pH 7, 10% D,O.

NMR spectra were recorded on a Varian INOVA
600 MHz instrument at 5 or 35°C as noted in the text.
The spectra were processed with NMRPipe [22] and
analyzed with NMRView [23] software on LINUX
workstations running Red Hat Linux v. 7.3. The CN
NOESY-HSQC [24] was acquired using the RC labeled
protein and compared to that analyzed previously for
structure determination. Analysis of the NOESY spectra
obtained on the variously labeled samples was based on
our previous assignments for NuiA [19], which utilized
the program ARIA, version 1.0 [25]. The maximum of
the peak was used as the intensity. HNCA spectra [26]
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were also collected on both samples and the intensities of
the intra- and inter-residue Co peaks were analyzed.
Intensities were calculated from ellipsoidal fitting of peak
volumes. This differs from the approach used for the
NOESY data because the HNCA has sufficient disper-
sion to allow accurate quantitation with this method.

3. Results and discussion

The philosophy behind the proposed residue-corre-
lated labeling approach is most easily illustrated by
considering the labeling patterns for a pair of interacting
residues, such as the valine—-phenylalanine pair shown in
Fig. 1. Using a labeling pool of 33% [U-'3C,'>N]Jamino
acids and 67% [U->H]Jamino acids, the expected labeling
probabilities for the protein produced from growth on
this media are indicated. Thus, 11% of the molecules
have both residues labeled, 229 have protonated valine/
deuterated phenylalanine, 22% have protonated phen-
ylalanine/deuterated valine, and 44% have both residues
deuterated. Considering first the valine residue, only the
first two species will contribute to the observed valine
NOE spectrum, and only the first will contribute inter-
residue NOEs. Hence, the relative inter/intra-residue
NOE intensities for valine will be statistically reduced by
a factor of 2/3, so that a comparison of the NOE spectra
obtained using uniform and residue-correlated labeling
patterns should allow straightforward assignment of
intra-residue NOEs. Analogous arguments can be made
for the phenylalanine NOE patterns.

H H /CH3
H3C\C|-\|
H H C‘JHZ
H Val
Phe/CHz
11 %
H H CD3;
/
D3C\CE{
H H cD,
Val
Phe— 12

22 %

3.1. Characterization of the NuiA labeling

In order to evaluate the success of the labeling ap-
proach, we compared the data from the CN-NOESY for
U-13C,>N-labeled sample with the data from the RC-
’H,3C,>N-labeled sample. We previously used the
automated assignment program ARIA to analyze the
data obtained in the CN-NOESY experiments on
the U-'3C,"N-labeled sample [25]. These assignments
served as the basis for our previous structure determi-
nation and for analyzing the spectra recorded on the
RC-[?’H,3C,N]NuiA samples. We initially focused on
the "N-separated part of the CN-NOESY since it ex-
hibits the best dispersion, providing the most straight-
forward analysis. ARIA was able to assign 1694 NOE
crosspeaks in the ’N NOESY spectra. These could be
subdivided into amide—amide crosspeaks (280), ambig-
uous crosspeaks with three or more possible assignments
(323), and crosspeaks corresponding to intra- and inter-
residue interactions with less ambiguity (1091). Although
the residue-correlated labeling protocol involved using
media containing ~66% 2H,0, the protein was ulti-
mately purified using natural abundance H,O buffers,
so that the amide groups would be predominantly pro-
tonated. Further, since amide protons are generally la-
bile, any deuteration of these positions will be nearly
random and not subject to correlated labeling. The re-
maining 1091 NOEs are shown in Table 1 according their
classification.

The NOEs in [U-13C,">’N] and RC-[?’H,3C,°N] sam-
ples were compared to match them with the assignments

D D CH,4
/
HiC—cn
\
D Val
phe— CP2
22 %
D D CD,4
D3C\CD/
\
D D TDZ
Val
Phe— P2

44 %

Fig. 1. Illustration of residue-correlated labeling for a pair of interacting valine and phenylalanine residues. The percentages shown correspond to
growth on a medium containing 67% [U->H]amino acids and 33% [U-*C,"*N]amino acids.

Table 1

Summary of NOE peaks in the "N-edited NOESY identified by ARIA in NuiA

NOE classification

NOEs identified in [U-3C,">N]NuiA

NOE:s identified in RC-sample (%)

Intra-residue 329
Inter-residue 762

292 (89)
492 (65)
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in the fully labeled sample. By a match, we mean that
the same peak can be identified in both spectra. In total,
72% of the NOEs in the fully labeled sample were
identified in the RC-labeled sample, however there
are significant differences between the two classifications
as can be seen in Table 1. Eighty-nine percent of
the intra-residue NOEs were found versus 65% of the
inter-residue NOEs. This automated analysis is thus
qualitatively consistent with expectations of the effects
of residue-correlated labeling.

In the RC-labeled sample, some of the NOE peaks
become sufficiently weak so that they are no longer
identified by ARIA, while the remaining peaks show
changes in relative intensity. As discussed above, it was
anticipated that the inter-residue crosspeaks should be
reduced by a multiplicative factor of 1 — o relative to
the intra-residue crosspeaks. A comparison of the
NOESY patterns obtained for the uniform and residue-
correlated labeling patterns should facilitate the ob-
servation of these changes in intensity. In Fig. 2, we
compare several NOE strips for three different residues:
V122, 128, and G126. The first two strips (V122 and
L28) are taken from the *N-separated part of the CN—
NOESY and G126 is taken from the '3C-separated
part. The assignments of the intra-residue NOE cros-
speaks are labeled in each strip. It is apparent that in
each case the intensities of the inter-residue aliphatic
peaks are significantly reduced in comparison to the
intra-residue aliphatic peaks. It is particularly impres-
sive that the long aliphatic sidechain of a leucine resi-
due is assignable, when comparing the uniform and
RC-labeled NOESY spectra (Fig. 2, residue L28). We

U-[13C,15N]
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note that due to the full protonation of amides after
the sample is prepared in H,O, the amide-amide and
amide (donor)-aliphatic (acceptor) NOEs will be re-
duced by the same factor as the intra-residue NOEs,
while the inter-residue aliphatic-aliphatic and aliphatic
(donor)-amide (acceptor) NOEs will be reduced by o?
compared with the intra-residue reduction of o (see
Table 2). These trends can be observed in the spectra
shown in Fig. 2. Despite the 2/3 dilution of the [U-
'H,"3C,""N]residues giving rise to the signals, the sig-
nal-to-noise of the spectra from the residue-correlated
labeling sample remains high. As discussed above, this
reflects a combination of factors, particularly the fact
that we are observing intra-residue NOEs that gener-
ally correspond to shorter interproton distances, as
well as the improved relaxation characteristics that
result from the statistical deuteration of neighboring
residues. As a rough estimate of this effect, Pachter et
al. have calculated that for protonated amino acids in a
deuterated protein, the intra-residue NOE intensities
will be enhanced by ~50% relative to the values in the
fully protonated protein [27]. The deuterated back-
ground probably also increases the extent of spin-dif-
fusion within the protonated amino acids, explaining
the greater intensity of the NOE crosspeaks from the
more remote sidechain protons in the RC sample (see
Fig. 2).

In order to quantify the relative enhancement of the
intra- to inter-residue NOE intensities using RC label-
ing, we followed the approach described below. Each
residue was treated individually and the ratio of the
crosspeak intensities for the RC sample relative to the

RC-[2H,13C,!5N]

| L ! 1

[0}

V122

I3YY
pAM

A AN

LI
P I

“ B vy

M ;

L28

Ia L
p
A

1’/L'A

W AT
II‘IOL‘[&I‘
p

L

‘j\AI}A/\"‘l‘|“'

] o o

G126
Ll Nl

LI

[ |

A

T

11.4 4.7

-1.9
ppm

T

11.4 4.7 -1.9

Fig. 2. Comparison of the F1 dimension slices from NOESY spectra taken on a uniformly labeled (U-['*C,'>N]) versus a residue correlated (RC-
[?H,3C,>N]) samples. Residues Vall22 and Leu28 are compared with 1D strips taken from the ’N-separated NOESY. The Gly126 spectra is taken

at the Co chemical shift in the '*C-separated NOESY.
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Table 2

Inter-residue NOE probabilities in samples with residue correlated labeling

Interacting (donor) Observed (acceptor)

Probabilitity (for

Inter-residue NOE? NOE relative to uni-

residue residue o=1/3) form sample
1: Amide—Amide
ISNH 15NH 1/9 Yes
14NH I5NH 2/9 Yes
I5SNH 14NH 2/9 No
14NH 14NH 4/9 No
1/3
1I: Aliphatic-aliphatic
13CH 13CH 1/9 Yes
12CD 13CH 2/9 No
13CH 12CD 2/9 No
12CD 12CD 4/9 No
1/9
II1: Aliphatic—Amide
13CH 15NH 1/9 Yes
12CD I5NH 2/9 No
13CH 14NH 2/9 No
12CD 14NH 4/9 No
1/9
1V: Amide—Aliphatic
I5SNH 13CH 1/9 Yes
14NH 13CH 2/9 Yes
ISNH 12CD 2/9 No
14NH 12CD 4/9 No
1/3

uniformly labeled sample was averaged for the intra-
and inter-residue peaks separately. Mathematically this
can be expressed for the intra-residue peaks

Rintraji = mean([intra,RC/IinlraAU) (1)
and similarly for the inter-residue peaks
Rinter,i = mean(linter,RC/[imer,U)7 (2)

where R; is the ratio for each residue type (i) and 7 is the
intensity of the NOE crosspeak for the uniformly (U)
and residue-correlated (RC) labeled samples. If the la-
beling was successful, finerrc should be reduced to a
greater extent (o), relative to Liyery While fipga re 1S re-
duced (), relative to [, y. The relative enhancement of
the intra- to inter-residue NOE using this labeling
scheme is therefore the ratio of Ry /Riner- We expect
Rintra/Riner to be greater than 1 if the labeling was suc-
cessful because the Ri,r should be smaller than Ri..
Note that by taking in essence a ratio of ratios, any
normalization factor between the two experiments is
divided out. Overall, for each residue for which there
were data to compare, the average Ringa/Riner Was
1.8 £1.0. Thus we obtained a large effect, but also a
large standard deviation. To better understand this large
variation the ratios were grouped according to residue
type as shown in Table 3.

In order to use this labeling strategy as an effective
replacement for the TOCSY experiment, it is critical

Table 3
Ratio of intensities for Inter/Intra-residue NOE interactions

Residue Mean ratio SD Missing®
tYPe Rinlra/Rinler

Asp 0.9 0.2 5
Glu 1.0 0.4 28
Ser 1.1 0.2 19
Tyr 1.1 0.2 4
Trp 1.1 0.3 11
Asn 1.2 0.6 44
Gln 1.3 1.1 62
Phe 1.4 0.7 18
Gly 1.8 0.8 18
Ala 1.9 0.6 16
Thr 2.1 0.4 20
Met 2.4 NA 1
Leu 2.5 0.6 17
Lys 2.5 0.8 8
Ile 2.6 1.1 9
Val 2.8 1.3 24
Arg 4.0 0.8 3

See notes in text.
#Missing indicates NOE peaks that were present in the uniformly
labeled sample but are not present in RC labeled sample.

that the ratio be greater than 1 in all cases. This would
allow an analyst to confidently differentiate intra- from
inter-residue crosspeaks. Naively, the following residue
types would be considered a success because the mean
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ratio £1 SD is still greater than 1: Gly, Ala, Thr, Met,
Leu, Lys, Ile, Val, and Arg (Table 3). This statistic un-
derestimates the success of the labeling approach, since
some of the resonances are sufficiently reduced in in-
tensity in the RC NOE spectra to be below the detection
threshold, and hence were not considered. This effect is
apparent in the spectra of the residues of the RC sample
shown in Fig. 2, and leads to a ‘survivor bias’ of the
analysis. Mathematically, the ratio of the above ratios is
given by:

Rintra _ <Iinlra,RC> ( ]inter,U ) (3)
Rinler Iinlra,U Iinler,RC .

For inter-residue NOE peaks which drop below the
detection threshold, the [, rc in the denominator ap-
proaches zero, which would lead to a larger ratio.
However, since these cases are not counted in the
comparison, the survivor results in a reduced value for
Rintra/Rinter- As mentioned above, ARIA identified a
greater percentage of intra- than inter-residue NOE
crosspeaks. To assess the extent of such a significant
‘survivor bias’, the number of times a particular residue
type had missing NOEs in the RC spectra is listed in the
final column of Table 3. The mean number of peaks
missed by residue type is 18 4= 16. The missing number of
NOE peaks for residues Asn and Gln are more than one
standard deviation from the mean, indicating that for
these residues there is a ‘survivor’ bias and that side
chain assignments can be made confidently for these
residues as well.

The remaining residue types, Asp, Glu, Ser, Tyr,
Phe, and Trp require further consideration. Since
glucose was present in our growth medium, there could
be some de novo synthesis of amino acids from Krebs
cycle intermediates. Such amino acids would in general
exhibit a complex labeling pattern. The direct amina-
tion of TCA cycle intermediates o-ketoglutarate and
fumarate to produce glutamate and aspartate, respec-
tively, represents a potential means for dilution of these
amino acid pools which obviates the transaminase
block [28]. The dilution effects on the aromatic amino
acids appears to indicate that there were insufficient
concentrations of at least one of these in the growth
medium to effectively suppress de novo synthesis, or as
suggested above, failure of B-chloro-L-alanine to sup-
press the particular transaminases involved in aromatic
amino acid synthesis.

In order to further characterize the residue-correlated
labeling, we compared HNCA data obtained on both
the uniformly labeled and the residue-correlated labeled
samples. This experiment typically identifies crosspeaks
between the observed amide proton and both the intra-
residue, Co; as well as Co;_; of the preceding residue.
We compared the ratio Rynca of HNCA;/HNCA,_;
intensities in the uniformly (U) and residue-correlated
(RC) samples according to:

(HNCA,;/HNCA,_)R¢
(HNCA;/HNCA,_,)"
HNCAR® | ( HNCA? |
~ \ HNCAY ) \ HNCAFS /) @)
i i1
This ratio corrects for any coupling constant variations,
conformational effects, etc., and so will vary from 1.0
only as a result of differences in labeling pattern. If there
is no significant de novo amino acid synthesis, HNCAR®
will be 1/3 the intensity of the uniformly labeled sample
due to the effect of dilution, while HNCARS, should
be 1/9 of the value in the uniformly labeled sample, for
a mean ratio Rynca = 3.0. The measured mean value
for this Ruynca was 3.5+3.2. Hence, the results
are consistent with expectations, although the error is
large.

In order to further analyze these data, we consider the
effects of de novo amino acid synthesis on both
HNCARS, and HNCARC. For the HNCARS, correla-
tions, the labeling of the Co;_; position will in general be
1/3 whether Ca is derived from an amino acid added to
the medium or whether it is synthesized de novo. This
results from the fact that the glucose present in the
medium will have a mean labeling level that is the same
as the amino acid pool, i.e., 1/3 [U-"*C]p-glucose plus
2/3 [U-’H]p-glucose. Thus, the ratio HNCARS/
HNCAY | is predicted to equal «* or 1/9 whether or not
de novo synthesis occurs. Alternatively, observation of
the HNCA,; correlation requires that both the amide
nitrogen and Ca carbon of a given residue be labeled.
Amino acids synthesized de novo by either direct ami-
nation or transamination will only have both positions
labeled (1/3)*(1/3)=1/9 of the time. Hence, HNCARC
will in general be reduced by de novo synthesis. We have
calculated the ratio (HNCAY/HNCARC) for each amino
acid type, and normalized the results by the average
value for all of the residues (Table 4). Based on the
above discussion, this ratio will be smaller if the amino
acids supplied in the medium are incorporated into the
NuiA, and larger if there is de novo synthesis, which
would have the effect of reducing the denominator, as
discussed above. As is apparent from Table 4, the results
of this analysis are generally in agreement with the re-
sults of the analysis of the NOE data. The Glu, Asp, and
Asn residues gave the highest ratios, consistent with
significant de novo biosynthesis, and the aromatic resi-
dues also gave values above the average, while the other
aliphatic residues generally exhibited ratios below the
average. It may be that the inhibition of phenylpyruvic
transaminase by B-chloro-L-alanine is incomplete, ex-
plaining the poorer results with aromatic residues.

However, although some of the residues show evidence
of dilution due to de novo biosynthesis, the expected
suppression of inter-residue NOEs was still observable.
Fig. 3 shows F1 dimension slices from NOESY spec-

HNCA —
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Analysis of HNCA experiment on uniformly labeled and residue-
correlated labeled samples

Residue i (%i Variance
Arg 0.36° —
Ile 0.53 0.04
Lys 0.78 0.01
Trp 0.78 0.02
Val 0.79 0.04
Leu 0.82 0.02
Thr 0.83 0.01
Met 0.84° —
Ala 0.85 0.05
Gln 0.89 0.08
Gly 1.08 0.13
Tyr 1.16 0.02
Ser 1.19 0.35
Phe 1.30 0.14
Glu 1.37 0.28
Asn 1.64 0.36
Asp 1.78 0.49

#Values of the ratio for each residue type have been normalized by

dividing each ratio by the mean value computed for all of the residues.
®Data derived from a single residue.

tra taken on a uniformly labeled (U-['*C,"’N]) versus a
residue-correlated (RC-[*H, '3C,>N]) samples for Tyr35,
Phe66, and Tyrl113. The first two rows show 1D strips
taken at the Co chemical shift in the '3C-separated NO-
ESY, while for Tyr 113, the ID NOESY strips are taken at
the CB1 chemical shift in the '3C-separated NOESY.
Although the residue-correlated labeling approach was
statistically less successful for the aromatic residues, it is
apparent from these spectra that there is nevertheless a
significant reduction in the relative intensities of the inter/
intra-residue NOEs.

U—[13C,15N]

3.2. Assignments of sidechain carbon resonances

To demonstrate that this method is viable as a re-
placement for the TOCSY approach, we show in Fig. 4
how these spectra could be used to assign side chain
resonances. The spectra shown in column 4a are NO-
ESY strips originating from the labeled atom for Val49
from the N and '*C cubes of the CN-NOESY using
the RC-labeled sample. The high similarity among these
strips supports the conclusion that this methodology can
be used to assign side chains. Our initial assumption is
that sequential assignments would be made using stan-
dard backbone scalar coupling experiments such as
HNCACB [29], and the Ca and Cp frequencies would
already be known. This information then can be used to
assign the Ho and Hp resonances. In Fig. 4b we simulate
a search for a 3 C-separated NOESY strip with a similar
pattern of resonances to the ’'N-separated strip. Fig. 4b
shows the 3 strips with Ca frequencies close to that as-
signed for Val49 from the HNCACB. The third strip is a
clear match for the Ha strip, while the other two belong
to Ile16 and Ile71, and are clearly not good matches. A
similar protocol can be used for searching for the HP.
Assignment of the carbon resonances at the y position
(or further) requires an alternative strategy. For the
example of Val49, reasonable choices can be made for
the proton frequencies given the consistency in the first
three strips of 4a. The other two resonances, which are
enhanced relative to the uniformly labeled sample, pre-
sumably arise from the gamma protons of valine. If we
search the 'H{'*C} HSQC for proton carbon pairs that
are likely to be valine near the most upfield proton
frequency in the HP strip, there are five possibilities and
their 3C NOESY strips are shown in Fig. 4c. It is
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Fig. 3. Comparison of the F1 dimension slices from NOESY spectra taken on a uniformly labeled (U-['*C,'SN]) versus a residue correlated (RC-[>H,
13C,15N]) samples. Residues Tyr35 and Phe66 are compared with 1D strips taken at the Co chemical shift in the 3C-separated NOESY. The Tyr113
spectra are taken at the CB; chemical shift in the '3C-separated NOESY.
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of Val49, by searching all methyl carbon strips at the assumed shift of Hy;. One spectrum is a clear match (indicated with an arrow) with the HN, Ha,
and HP spectra in (a). The Hy, chemical shift can be found in a similar fashion.

reasonably simple to match the pattern for the HN, Ha,
and HP with the last strip shown in 4c. This demon-
strates that it would be possible to assign long side
chains using this methodology.

3.3. Application to larger proteins

In order to evaluate the feasibility of applying this
assignment approach to a larger protein, we obtained
TOCSY and NOESY data on uniformly labeled and
residue-correlated NuiA, respectively, at 5 °C. The NuiA
protein has a rotational correlation time of 9.5ns at
35°C [19]. Using Stokes Law with T'=5°C and the
viscosity of water at 5 °C, the estimated correlation time
of NuiA is 22 ns at this temperature. This is comparable
with the rotational correlation time of 23ns for the
42 kDa complex of maltose binding protein with B-cy-
clodextrin at 37°C [30]. In the comparison reported
here, the NOESY spectra with the RC-labeled sample
containing 33% [U-13C,"’N]residues had superior signal
to noise and the long aliphatic side chains were readily
assignable (Figs. 2 and 5). In contrast, the H{CCO)NH-
TOCSY spectra obtained on [U-"*C,>N]NuiA

(Fig. 5a,c,e) had insufficient signal/noise to allow many
of the sidechain assignments to be made. More signifi-
cantly, the NOESY spectra for Y85 (Fig. 5d) contain
assignment information for the aromatic proton reso-
nances, which are not obtained from the standard
TOCSY experiments.

We have attempted to assign many more of the side
chains with reasonable success. The major limitation
arose for the residues that failed to show a clear corre-
lated labeling pattern, as discussed above. However,
although statistically less successful, the aromatic resi-
dues generally showed a significant relative enhance-
ment of intra/inter-residue NOE intensities (e.g., Fig. 3),
and the NOE resonances for Asp and Glu are generally
very difficult to analyze due to poor shift dispersion. An
additional limitation arose when the Ha frequency was
close to water, making it difficult to find good spectra in
the NOESY data due to the water suppression. Ob-
taining a '3C-separated NOESY in D,0 would alleviate
this problem. This is a problem that does not occur with
the TOCSY assignment methodology. Potentially, one
could collect the HNHA spectrum [31] in cases where it
is hard to assign the Ha, and this offers the advantage of
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providing structural data about the phi angle. We note
that this assignment strategy does not necessarily require
an RC labeled sample. It may be possible to assign
sidechains using the NOESY in a uniformly labeled
sample, since the intra-residue NOE correlations are
usually intense. However, as shown in Fig. 2, the RC
labeling scheme greatly simplifies the approach by en-
hancing the intra-residue NOE correlations.

4. Conclusions

In the present study, we have demonstrated that
residue-correlated labeling can be achieved in an E. coli
expression system by growth on media that contain a
mixture of [U-*C,>N] and [U-’H]amino acids. The
results for the protein NuiA (MW =16kDa) demon-
strate that the approach worked extremely well for most
residues, with poorer results for the aromatic residues,
glutamate, aspartate, and serine. However, even for
many of these amino acids, we were able to observe
significant changes in the relative intra/inter-residue
NOE peak intensities. Advantages of this approach in-
clude: (1) Assignment information is derived directly
from NOE spectra rather than from other types of
spectra, eliminating registration problems; (2) There are
no deuterium isotope shift corrections, since the deu-
teration is on the unobserved amino acid residues (with
the exception of some small long-range effects on
backbone resonances); (3). Although the intensity of the
intra-residue spectra is reduced by 1/« (1/3 for the ex-
ample given), the NOE peaks under observation corre-
spond to the stronger, intra-residue contributions, and
hence they should be observable even at the effectively

reduced concentrations. Further, the presence of a sig-
nificantly deuterated background will reduce intensity
losses due to spin diffusion. We have previously found
that while the H({CCO)NH and (H)C(CCO)NH-TOC-
SY experiments [3,4] work extremely well for sidechain
assignments in smaller proteins or in larger proteins that
are sufficiently stable for studies at higher temperatures,
we encountered significant problems for larger proteins
that could not be studied at high temperatures. Alter-
natively, the more limited dispersion and greater degree
of spectral overlap of the HCCH-TOCSY experiment,
relative to the H(CCO)NH and (H)C(CCO)NH-TOC-
SY experiments, has also limited the use of this strategy
for higher molecular weight proteins [2,7]. Wagner and
co-workers have used fractional deuteration and opti-
mized TOCSY sequences to accomplish complete side
chain assignments[8]. Their approach also provided
limited assignment information for the alpha protons
due to the combined effects of deuteration and the lim-
itations of the TOCSY approach discussed in the liter-
ature [7], and the partially deuterated protein resonances
will in general exhibit multiple '*C and 'H resonances
due to isotope shifts. However, the RC labeling ap-
proach has no such limitations. In contrast, the residue-
correlated labeling approach for sidechain assignments
should be generally feasible for all situations in which a
NOESY experiment with reasonable sensitivity can be
achieved. As noted above, the reduction in intensity due
to label dilution will tend to be offset by the fact that this
strategy targets intra-residue NOE interactions, which
generally correspond to shorter distances, and hence
have greater intensity. The assignment data thus ob-
tained can be directly supplied to programs such as
ARIA for structural analysis [25]. Other improvements
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in the analysis may be possible with more sophisticated
assignment schemes that involve pattern-matching al-
gorithms such as neural networks to cluster similar
spectra like those shown in Fig. 4a. Improvements in the
labeling of the protein approach such as the use of
transaminase deficient strains of E. coli [32] and the use
of cell free expression systems which would completely
eliminate de novo amino acid synthesis [33] are currently
under evaluation.

Finally, we note that an interesting variant of
the proposed approach would utilize a mixture
of [U-3C,"N] and [U-"N]amino acids. In the absence
of deuteration, intra- and inter-residue NOEs can be
separately measured using 4D isotope-edited [29,34-36]
and isotope-filtered NOE experiments [37,38]. The 4D
5N, B3C-separated NOESY experiment [29,34] in par-
ticular, could be used to select primarily for intra-resi-
due NOEs in such a sample. Inter-residue crosspeaks
arising in this 4D NOESY experiment could be identi-
fied by their 'H chemical shifts measured from a 3D 13C
filtered, '"N-edited NOESY experiment. Such an ap-
proach would greatly facilitate the analysis of NOESY
data, both by facilitating sidechain assignments as de-
scribed in the present study, and by allowing the use of
the 3C-filtered NOESY experiment to exclusively assign
inter-residue NOEs. While allowing separation of inter-
residue NOE interactions, the lower sensitivity of such
an approach would significantly limit its applicability at
the present time. However, the recent introduction of
rapid sampling methodology and cryogenic probe
technology for obtaining multi-dimensional NMR
spectra could ultimately render such an approach
practicable [39].
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