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Abstract A labeling scheme is introduced that facilitates

the measurement of accurate 13Cb chemical shifts of

invisible, excited states of proteins by relaxation dispersion

NMR spectroscopy. The approach makes use of protein

over-expression in a strain of E. coli in which the TCA cycle

enzyme succinate dehydrogenase is knocked out, leading to

the production of samples with high levels of 13C enrich-

ment (30–40%) at Cb side-chain carbon positions for 15 of

the amino acids with little 13C label at positions one bond

removed (&5%). A pair of samples are produced using

[1-13C]-glucose/NaH12CO3 or [2-13C]-glucose as carbon

sources with isolated and enriched ([30%) 13Cb positions

for 11 and 4 residues, respectively. The efficacy of the

labeling procedure is established by NMR spectroscopy.

The utility of such samples for measurement of 13Cb

chemical shifts of invisible, excited states in exchange with

visible, ground conformations is confirmed by relaxation

dispersion studies of a protein–ligand binding exchange

reaction in which the extracted chemical shift differences

from dispersion profiles compare favorably with those

obtained directly from measurements on ligand free and

fully bound protein samples.

Keywords CPMG � 13Cb Chemical shifts �
Selective labeling � Chemical exchange �
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Introduction

A central catalyst in the emergence of solution NMR

spectroscopy as a valuable technique for studies of protein

structure and dynamics has been the development of pow-

erful and robust labeling methods (Goto et al. 1999; Kai-

nosho et al. 2006; LeMaster 1990). By suitably enriching

molecules with NMR active nuclei it becomes possible to

selectively ‘turn on’ a certain set of spin interactions that

report on molecular properties of interest, while removing

others that would complicate the interpretation of experi-

ments. Labeling methods ranging from uniform incorpora-

tion of 15N and/or 13C (Kay et al. 1990a, b; Montelione and

Wagner 1990) to selective 15N, 13C, 2H (Farmer and

Venters 1999; Gardner and Kay 1998; Grzesiek et al. 1993)

or selective 1H enrichment (Goto et al. 1999) have emerged

in the past several decades, along with clever experiments

that exploit the labeling in studies of structure and dynamics

(Sattler et al. 1999). For example, in applications involving

structural studies, uniformly 15N, 13C labeled samples are

frequently produced for measurement of large numbers of

distance restraints in the form of NOEs that are resolved

through the chemical shifts of 15N and 13C heteroatoms

(Kay et al. 1990a, b; Zuiderweg et al. 1991). Studies of
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complexes most often involve mixtures of labeled and

unlabeled components so that signals from each can be

separated (Gross et al. 2003; Ikura and Bax 1992) and in

cases of supra-molecular systems one approach labels only

methyl groups with 13C,1H in an otherwise 12C,2H back-

ground (Tugarinov and Kay 2004).

The success of spin relaxation studies also depends crit-

ically on the appropriate labeling scheme. In some appli-

cations such as those involving the study of protein

backbone dynamics uniformly 15N labeled samples are

employed (Kay et al. 1989) since it is possible to record 15N

relaxation rates without complications from 15N–15N three-

bond scalar couplings that have been measured to be

0.1–0.4 Hz in proteins (Löhr and Rüterjans 1998). In con-

trast, homonuclear couplings can be very deleterious to the

accurate measurement of 13C transverse relaxation rates

because such one-bond couplings are large, ranging between

35 and 60 Hz in proteins (Bystrov 1976), and because many

of the classic approaches for measuring transverse relaxa-

tion involve the application of pulse trains that can lead to

the undesired transfer of magnetization among homonuclear

coupled spins, depending on the pulse rate (Ishima and

Torchia 2003; Lundström et al. 2009; Mulder et al. 2002).

Despite the difficulties associated with the measurement

of transverse relaxation rates, there is a strong incentive to

do so. For example, in one class of experiment—the Carr-

Purcell-Meiboom-Gill (CPMG) relaxation dispersion

approach (Carr and Purcell 1954; Meiboom and Gill

1958)—protein motions can be probed on the milli-second

(ms) time-scale, a regime that is frequently of relevance for

a wide-range of biological processes. Here the transverse

relaxation rate, R2,eff, of a nuclear spin is monitored as a

function of the repetition rate of 180� refocusing pulses,

mCPMG (Loria et al. 1999; Tollinger et al. 2001). In the

simple case where the ms dynamics correspond to an

exchange event between a pair of states A !kAB

kBA

B; and where

the minor state B is populated to at least 0.5%, the R2,eff

(mCPMG) profile can be fitted to extract kAB, kBA (or equiv-

alently the population of the excited state, pB, and the

exchange rate constant kex = kAB ? kBA) as well as the

magnitude of the chemical shift differences between states

A and B (Palmer et al. 2001, 2005). One of the major

strengths of the method is that insight into the exchange

process is obtained even in cases where the minor state is

not observable in NMR spectra or for that matter by other

biophysical techniques. The rate constants and populations

determined by the relaxation dispersion method have pro-

vided valuable insights into the kinetics and thermody-

namics of processes such as protein folding (Hill et al. 2000;

Korzhnev et al. 2004; Sugase et al. 2007; Zeeb and Balbach

2005), enzyme catalysis (Boehr et al. 2006; Eisenmesser

et al. 2002; Eisenmesser et al. 2005; Vallurupalli and Kay

2006; Watt et al. 2007; Wolf-Watz et al. 2004) and ligand

binding (Mulder et al. 2001a, b; Sugase et al. 2007). The

chemical shifts of the excited states are also very useful

since they encode structural information (Spera and Bax

1991; Wishart and Case 2002; Wishart and Sykes 1994) that

is, of course, not available from more conventional NMR

approaches in cases where these excited states are below the

level of direct detection.

To date the chemical shifts of backbone 13Ca, 13CO, 15N,
1HN and 1Ha nuclei in invisible, excited states of proteins

have been measured by relaxation dispersion NMR exper-

iments (Hansen et al. 2008a, b; Ishima et al. 2004; Ishima

and Torchia 2003; Korzhnev et al. 2005; Loria et al. 1999;

Lundström et al. 2008, 2009) that, in some cases, have

relied upon the development of novel labeling schemes to

minimize the effects of homonuclear scalar couplings

(Lundström et al. 2007a, b; 2009). The chemical shift

restraints can be supplemented by additional restraints of

the excited state that are provided through the orientation of

bond vectors, measured via spin-state selective relaxation

dispersion profiles recorded under conditions of fractional

alignment (Igumenova et al. 2007; Vallurupalli et al. 2007).

Recently the structure of an invisible state corresponding

to a peptide bound form of the Abp1p SH3 domain

was reported using restraints that were exclusively

derived from relaxation dispersion data (Vallurupalli et al.

2008a, b) including 13Ca, 13CO, 15N and 1HN chemical

shifts (Vallurupalli et al. 2008a, b), 1HN–15N, 1HN–13CO,
1Ha–13Ca residual dipolar couplings (Hansen et al. 2008a, b;

Vallurupalli et al. 2007) and residual 13CO chemical shift

anisotropies (Vallurupalli et al. 2008a, b).

It is clear that current relaxation dispersion methods offer

a unique avenue for the investigation of excited states that

are recalcitrant to study by most biophysical approaches.

Additional probes of structure would, of course, also be of

benefit. Although the chemical shift of 13Cb is a sensitive

indicator of secondary structure (Shen and Bax 2007; Spera

and Bax 1991; Wishart and Sykes 1994), and a 13Cb dis-

persion experiment would be a very useful addition to the

growing array of dispersion methods that have been

developed, such an experiment has not yet emerged. The

major difficulty lies in the design of a suitable labeling

scheme that results in high level enrichment of isolated
13Cb spins. One approach, implemented by Palmer and

coworkers (Lee et al. 1997; Wand et al. 1995) for 13C

relaxation studies of proteins, involves their expression

using random, fractionally 13C–labeled carbon sources.

This strategy is problematic, however. Consider, for

example, a Ca–Cb–Cc fragment where the desired labeling

places 13C only at the Cb position. A carbon source that is 1/3

randomly enriched produces the maximum population of
12Ca–13Cb–12C fragments (4/27), but undesired fragments

with 13C labeling at Cb and at least one of the other two
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carbon positions are also generated (5/27), necessitating the

use of some sort of purging scheme. This is certainly fea-

sible (Mulder et al. 2002; Wand et al. 1995) but at the

expense of considerable loss in sensitivity since the purging

elements typically are on the order of 1/(2JCC) & 15 ms,

where JCC is the one-bond 13C–13C scalar coupling con-

stant. A second approach, based on the work of LeMaster

and Kushlan, involves over-expression of proteins in a

modified E. coli strain with the appropriate 13C-labeled

precursors, leading to the production of the desired labeling

profile (LeMaster and Kushlan 1996). Herein we build upon

this strategy and develop a robust method for the production

of proteins with selective 13Cb-labeling at a much higher

enrichment level than is available from the fractional

labeling approach discussed above. In the application con-

sidered here a pair of samples are produced by over-

expression in a genetically modified bacterial strain using

[1-13C]-glucose/NaH12CO3 or [2-13C]-glucose as carbon

sources. We show that this method leads to nearly isolated
13Cb enrichment for 15 residue types at levels of 13C

incorporation between 30 and 40%. It is demonstrated that

accurate 13Cb chemical shifts of invisible, excited states can

be obtained from dispersions measured in proteins labeled

in this manner using pulse schemes that do not include any

purging elements.

Materials and methods

Generation of the bacterial strain BL21(DE3)Dsdh

The sdh operon, consisting of genes sdhC, sdhD, sdhA and

sdhB, was knocked out from BL21(DE3) cells by replacing

it with a frt-flanked (see below) kanamycin resistance

(KmR) expression cassette by Red mediated homologous

recombination (Datsenko and Wanner 2000). The KmR gene

was amplified from the plasmid pKD4 (Datsenko and

Wanner 2000) by PCR using primers designed to provide

50 bp sequence homology to regions upstream, (cccgacgt

ctccaggtaacagaaagttaacctctgtgcccgtagtccccagtgtaggctgga

gctgcttc) and downstream (ccggcactggttgcctgatgcgacgcttg

cgcgtcttatcaggcctacggcatatgaatatcctccttag) of the sdh

operon, respectively. BL21(DE3) cells were initially trans-

formed with the plasmid pKD46 that encodes k Red pro-

teins (c, b, exo) under control of an L-arabinose inducible

promoter and that carries a temperature sensitive origin of

replication (Datsenko and Wanner 2000). After induction

with L-arabinose (that produces the k proteins for recom-

bination), the KmR PCR fragment was introduced to the

cells by electroporation and these cells were subsequently

grown for 3 h at 37�C. During this time incorporation of

the KmR gene into the E. coli genome occurs, while the

increased temperature ensures that pKD46 no longer

replicates. Selection of those cells with the KmR gene is

achieved by plating on LB-agar plates containing 15 lg/ml

kanamycin. Colonies were screened for homologous

recombination by PCR using the primer, cccagcgttg-

taacgtgtcg, that binds upstream of the targeting construct

and the internal primer, catatgaatatcatccttag (Datsenko and

Wanner 2000); a specific PCR product of 1,634 bp is

obtained only in the case of homologous recombination

while no PCR product is obtained in the case the KmR gene

has integrated into the wrong location. PCR products were

sequenced to verify that they did not result from nonspecific

priming in the PCR reactions.

Protein samples

Two different isotopically enriched samples of the Abp1p

SH3 domain (Drubin et al. 1990; Lila and Drubin 1997;

Rath and Davidson 2000) were prepared by protein over-

expression in BL21(DE3)Dsdh cells using M9 medium with

1 g/L 15NH4Cl and 3 g/L of either [1-13C]-glucose or

[2-13C]-glucose as nitrogen and carbon sources, respec-

tively. The growth with [1-13C]-glucose was supplemented

with 20 mM NaH12CO3 at the start, with an additional

10 mM at the time of induction. Cells were grown to

OD = 0.8 and protein expression was induced with 1 mM

IPTG. Protein expression was carried out overnight at room

temperature for the [1-13C]-glucose culture and at 37�C for

4 h for the [2-13C]-glucose culture; neither of the samples

had significant differences in levels of 13Cb labeling for the

subset of residues that were expected to be enriched from

each carbon source, suggesting, at least in this application,

that the labeling pattern is relatively insensitive to the length

of expression. Purification of the Abp1p SH3 domain as

well as an unlabeled 17 residue peptide from Ark1p

(Haynes et al. 2007) (primary sequence: KKTKPTPPP

KPSHLKPK) was performed as previously described

(Vallurupalli et al. 2007). Proteins were prepared in a buffer

comprised of 50 mM sodium phosphate, 100 mM NaCl,

1 mM EDTA, 2 mM NaN3, pH 7.0. The solvent was 100%

D2O for the relaxation experiments and 10% D2O/90% H2O

for analysis of incorporation of label at Cb and for the

titration of Ark1p peptide. The protein concentrations were

approximately 1 mM.

NMR spectroscopy

All NMR experiments were performed at 25�C on Varian

Inova spectrometers with 1H resonance frequencies of 500,

600 and 800 MHz, equipped with cryogenically cooled

(600 MHz) and room temperature (500, 800 MHz) probe-

heads.

Analysis of incorporation of 13C label at the Cb position

was performed by comparison of peak intensities of
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selectively and uniformly 15N,13C labeled samples in non-

constant time 13C–1H correlation maps. To compensate for

different sample concentrations, the intensities were nor-

malized with the average intensities of correlations in
15N–1H correlation maps and the fractional 13C enrichment

at Cb was calculated as f ¼ Cs= �Nsð Þ= Cu= �Nuð Þ; in which Cs

and Cu are the intensities of a particular 13Cb–1Hb corre-

lation in the selectively and uniformly labeled samples

respectively and �Nsand �Nu are the average intensities of
15N–1H correlations in each of the two samples compared.

Note that the peaks were integrated in a way so that values

of f include contributions from 13Cb–13C fragments.
13C–1H correlation spectra were also used to evaluate the

fraction of isolated 13C label at the Cb position for each

residue, by measuring the volumes of correlations com-

prising the central Cb component as well as of the multiplet

components that arise from one-bond 13Cb–13C couplings.

Samples containing the Abp1p SH3 domain and the

Ark1p peptide were prepared by titration. The mole frac-

tion of bound protein, pB, was established by recording 15N

relaxation dispersion profiles of the protein. Complexes

with pB & 12% ([1-13C]-glucose) and & 4% ([2-13C]-

glucose) were generated and used for subsequent analyses.
13Cb relaxation dispersion profiles for residue types with

CbH2 groups were measured as described in the text for the

samples listed above. Data sets were recorded at both 600

and 800 MHz using Trelax values of either 20 or 30 ms. An

even number of refocusing pulses was applied during Trelax/2

with mCPMG values (defined as mCPMG = 1/(4scp) where

2scp is the separation between successive refocusing pul-

ses) within the range 67–1,000 Hz. Each complete dis-

persion set at one static magnetic field was recorded in

approximately 20 h. For the sample prepared with [1-13C]-

glucose, pB & 12%, 13Cb relaxation dispersion profiles

were also recorded for Ala (CbH3) and Thr (CbH), using

previously published pulse sequences designed for methyl

group and 13Ca probes, respectively (Hansen et al. 2008b;

Lundström et al. 2007b). Data sets were processed with

nmrPipe (Delaglio et al. 1995) and peaks were integrated

using the program FuDA (http://pound.med.utoronto.ca/

software.html). Effective transverse relaxation rates

were calculated using the relation R2;eff mCPMGð Þ ¼
� ln I mCPMGð Þ=I0ð Þ=Trelax; where I(mCPMG) and I0 are peak

intensities from spectra recorded with and without the

CPMG block (Tollinger et al. 2001). Uncertainties in R2,eff

were estimated from duplicate experiments.

The resulting CPMG dispersion profiles were fitted to a

two-state exchange process for which the fitting parameters

include the global exchange rate, kex, and the population of

the minor state, pB, as well as residue specific parameters

such as chemical shift differences between spin probes in

the major and minor states (absolute values only), |D-|, and

residue specific exchange-free contributions to relaxation,

R2,0. In order to establish which residues should be inclu-

ded in such fits, all dispersion profiles were initially fit on a

per-residue basis to models that either include or do not

include chemical exchange. Residues were retained for

further analysis if fits using the two-site exchange model

were significant as established by F-test analyses (Press

et al. 1988) with p \ 0.001 and if the magnitude of

the dispersion profile measured at 800 MHz, DR2;eff ¼
R2;eff mCPMG ¼ 100 Hzð Þ � R2;eff mCPMG ¼ 1ð Þ� 5 s�1: The

latter constraint was included to eliminate artifactual dis-

persion profiles with small DR2,eff values (\2 s-1) that

derive from 13Cb–13C couplings and to ensure that the

contributions from such artifacts to dispersion profiles that

are retained for analysis are small.

Results and discussion

The design of a labeling scheme producing isolated
13Cb spins

A major challenge in applications involving 13C transverse

relaxation measurements in proteins derives from large

homonuclear one-bond 13C–13C scalar couplings that typ-

ically range from approximately 35–60 Hz (Bystrov 1976).

These couplings modulate echo amplitudes in CPMG based

experiments, so that signal intensities become a function

not only of transverse relaxation rates but also reflect

potentially complex pathways of coupling evolution

(Freeman 1999; Hahn and Maxwell 1952). It is clear,

therefore, that selective labeling schemes must be devel-

oped that produce a high level of 13C enrichment at the

desired positions but not at adjacent carbons. In this regard

a particularly elegant approach has been suggested by

LeMaster and Kushlan (1996) involving protein over-

expression in a strain of E. coli lacking both succinate (sdh)

and malate dehydrogenase (mdh), two TCA cycle enzymes.

Selective 13C enrichment of the protein thioredoxin was

achieved through expression with either [2-13C]-glycerol,

NaH13CO3 or [1,3-13C]-glycerol, NaH12CO3 that produced

isolated 13C spins for most of the amino acids. Although

this approach is, in principle, very powerful for generating

isolated 13Cb label we were not successful in expressing

proteins of interest to us using the bacterial strain lacking

these two enzymes. Part of the problem may reflect the fact

that protein production using an IPTG inducible T7 RNA

polymerase, that has become the standard for high level

protein expression, is not possible using this strain since the

DE3 gene is lacking (Studier and Moffatt 1986). Rather

over-expression is achieved via heat induction (42�C) and

bacterial growth can often be slow at higher temperatures.

A second concern was that perhaps with two enzymes

deleted the cells were less able to generate large quantities
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of protein in general. It is of interest to note in this context

that the LeMaster/Kushlan labeling scheme (i.e., growth on

1,3- or 2-13C glycerol) has found important applications in

solid-state NMR structural studies (Castellani et al. 2002;

Wasmer et al. 2008), but to our knowledge in all cases

expression is carried out in cell lines that do not lack either

of the sdh and mdh genes.

With these problems in mind we sought a more ‘mild’

knockout strategy that would (1) allow high levels of

protein expression in the commonly used BL21(DE3) cell

line, (2) allow the production of high levels of protein

using glucose as the carbon source since our experience has

been that many proteins are expressed to much higher

yields when glucose is used and (3) lead to high levels of

isolated or near isolated 13Cb spins.

Insight into how this might be achieved can be obtained

by studying glycolysis and the TCA cycle (Voet and Voet

1995), the main metabolic pathways involved in the bio-

synthesis of 18 of the 19 relevant amino acids for the

applications considered here. We first consider the intact

pathways to illustrate why a knockout strategy is essential

in this case, Fig. 1. The ultimate precursor of Cb for many

residues is position 1 (or equivalently position 6) of glu-

cose and it is reasonable, therefore, to consider a strategy of

labeling of amino acids starting from [1-13C]-glucose as the

carbon source. It is readily apparent that the amino acids

derived from the glycolytic intermediates 3-phosphoglyc-

erate (3PG), phosphoenolpyruvate (PEP) and pyruvate

(Ala, Cys, Lys, Phe, Ser, Trp, Tyr) will be enriched in 13C

at Cb but not at Ca or Cc. Asn, Asp, Lys, Met and Thr,

which are derived from oxaloacetate (OA), will also be 13C

enriched at Cb and not at other carbon sites if OA is formed

by carboxylation of PEP. However, there are a number of

complicating factors associated with the production of

these residues. First, a significant amount of 13CO2 is

produced by both the TCA cycle and the pentose phosphate

pathway, that also is a source for amino acids (Voet and

Voet 1995), when [1-13C]-glucose is used as the carbon

source, leading to a substantial population of OA derived

residues with 13Cb–13Cc coupled pairs. A partial remedy is

to dilute the 13CO2 by addition of NaH12CO3 to the growth

medium (LeMaster and Kushlan 1996). Second, OA is

regenerated by the TCA cycle, produced from malate that

is either 13C labeled at the 1,3 or 2,4 positions (Fig. 1,

‘First Pass’). This leads to a dilution of the desired label

after the first round and to the production of amino acids

with isolated 13Cb in successive rounds in the case that the

starting precursor is 1,3 labeled OA. However, if the

starting precursor is 2,4-13C OA then Asn, Asp, Lys, Met

and Thr are produced with undesired 13Cb–13Ca spin-pairs

(see Fig. 1, ‘Second Pass’). Similar problems emerge with

Arg, Glu, Gln and Pro, precursors of the TCA intermediate

a-ketoglutarate (AKG). Starting from OA labeled with 13C

at the 3 position (‘First Pass’ of the TCA cycle) the AKG

derived residues are not labeled at the Cb position but

subsequent passes through the cycle using newly synthe-

sized 2,4-13C OA can produce residues that are labeled

with 13C at both Cb and Cc positions (Fig. 1, ‘Second

Pass’). Unfortunately, the high flux through the TCA cycle

in bacteria grown aerobically ensures that an unacceptably

high fraction of 13Cb will be present in the form of 13C–13C

spin-pairs, leading to complications in transverse relaxation

experiments.

A potential solution to these problems would be

achieved by blocking the TCA cycle after the production of

AKG so that OA is produced exclusively from carboxyl-

ation of PEP. This would minimize both dilution of label

and the formation of 13Cb–13C spin-pairs described above,

leading to the production of 11 amino acids (derived from

3PG, PEP, pyruvate and OA) with (near) isolated 13Cb

positions if [1-13C]-glucose and NaH12CO3 are used as

carbon sources. Conversely, the desired labeling for resi-

dues derived from AKG (Arg, Glu, Gln and Pro) is

obtained using [2-13C]-glucose as the carbon source. In

total, therefore, 15 amino acid residue types would be

produced with isolated 13Cb spins. This, of course, is

similar to the approach of LeMaster and Kushlan

(LeMaster and Kushlan 1996) described above, but as we

show below only a single enzyme need be eliminated, that

in our hands produces much more robust over-expression

of protein.

With this in mind an E. coli strain, BL21(DE3)Dsdh,

was designed following the method of Datsenko and

Wanner (Datsenko and Wanner 2000) that has the entire

succinate dehydrogenase (sdh) operon, comprised of the

genes (sdhC, sdhD, sdhA and sdhB), replaced by a kana-

mycin resistance (KmR) expression cassette. The basis for

choosing sdh as the target of the knockout is that it cata-

lyzes a rather late step in the TCA cycle, importantly after

AKG is formed, and that no other enzymes catalyze the

dehydrogenation of succinate. By contrast, there are at least

two genes for malate dehydrogenase (Cronan and LaPorte

1996; Molenaar et al. 1998). BL21(DE3) was chosen as the

parental strain because of its well documented suitability

for protein expression. We used an KmR cassette that is

flanked by frt-sites (Datsenko and Wanner 2000) that are

recognized by flp recombinase (Gronostajski and Sadowski

1985) so that it can be excised by transforming the

BL21(DE3)Dsdh cells with a plasmid encoding flp, for

instance pCP20 (Datsenko and Wanner 2000). However,

we prefer to leave the selection marker intact since it can

then be used to select against contamination by wild-type

cells. The BL21(DE3)Dsdh strain was found to grow well

on M9 medium at least when glucose was used as the

carbon source and to give good levels of over-expression of

recombinant proteins under these conditions. Indeed, the
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Fig. 1 Major metabolic pathways involved in the production of

amino acids, including key steps in glycolysis and two subsequent

rounds of the TCA cycle, focusing on 13C labeling at the Cb position.

Intermediates in glycolysis and in the TCA cycle are precursors for Cb

in 18 of the 19 relevant amino acids (His is the only exception).

Positions highlighted in red will be 13C enriched if [1-13C]-glucose is

the carbon source during growth whereas positions that are enriched

due to the presence of 13CO2 in the growth medium are shown in blue.

Amino acids derived from the different intermediates are shown

within boxes; residues indicated in red are those enriched in 13C at Cb

with the black or red frames delineating residues for which isolated
13Cb (black) or 13Cb–13C pairs (red) are produced. Residues indicated

in black are not labeled with 13C at Cb. Oxaloacetate (OA) produced

by carboxylation of PEP is used as a substrate in the first round of the

TCA cycle, producing OA with a pair of different labeling schemes as

products. The two different labeling patterns derive from the fact that

the TCA cycle intermediate succinate is symmetric so the subsequent

TCA cycle intermediates may be labeled in two different ways. OA

shown in the dashed box is used as input into a second pass of the

TCA cycle to illustrate how a-ketoglutarate (AKG) derived amino

acids can be produced with 13C labeling at both Cb and Cc positions.

Note that Cb of Lys can be derived from either pyruvate or

oxaloacetate due to a symmetric intermediate in its biosynthesis (Voet

and Voet 1995)
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level of protein expression was found to be only 25% lower

than what is obtained from growths in BL21(DE3) cells.

Reasonable yields of protein were obtained with glycerol

as the sole carbon source as well (although lower than for

expression with glucose). Tests established that at least

20 mM NaHCO3 could be added to M9 medium without

slowing the growth of this strain.

The modified metabolic pathways and the expected

labeling patterns of amino acids in proteins produced

from expression in BL21(DE3)Dsdh cells using [1-13C]-

glucose/NaH12CO3 are shown in Fig. 2a. Residues indi-

cated in red and surrounded by black boxes are those for

which (near) isolated 13Cb spins are obtained (see below).

Residues in black are those that are unlabeled at Cb using

these precursors, while residues highlighted in red and

surrounded with a red box are those for which a high

fraction of 13Cb–13C spin-pairs is anticipated (and

observed in experiment, see below), based on the labeling

patterns of precursor molecules. A potential issue of

concern in connection with the production of amino acids

with isolated 13Cb spins is that the TCA cycle can be

short circuited by the glyoxylate shunt, in which isocitrate

is cleaved into glyoxylate and succinate, Fig. 2a. Gly-

oxylate may subsequently combine with Ac–S–CoA to

yield malate and ultimately oxaloacetate, which as

depicted in Fig. 2a may be simultaneously labeled at

positions 2 and 3 that become Ca and Cb in residues

derived from it. In addition, OA labeled in this manner

can reenter the TCA cycle to produce 13C labeling of the

AKG derived residues at Ca, Cb and Cc. This is particu-

larly troubling since the glyoxylate shunt is up-regulated

in certain E. coli strains deficient in sdh (Li et al. 2006),

however, as we show below, this is less problematic than

anticipated and C93% of the 13Cb spins in the relevant

amino acids are isolated.

Figure 2b illustrates that the AKG derived residues, Arg,

Gln, Glu and Pro, can be labeled at Cb in proteins over-

expressed in BL21(DE3)Dsdh cells using [2-13C]-glucose as

the carbon source. In this case the glyoxylate shunt does not

produce 13Cb–13C spin-pairs although it does lead to

reduced incorporation of 13C at Cb. Residues Ile, Leu and

Val are very significantly labeled at the b position (&45%),

with equal mixtures of 12Ca–13Cb, 13Ca–13Cb (Ile, Val) or
12Cc–13Cb, 13Cc–13Cb (Leu) fragments produced; measure-

ment of accurate 13Cb transverse relaxation rates for these

residues is predicated on eliminating magnetization derived

from 13Cb–13C spin-pairs. The biosynthesis of Val is shown

at the bottom of Fig. 2b, illustrating how label at both Ca

and Cb emerges (similar scenarios pertain for Ile and Leu).

Finally, His is not labeled at Cb using either of these carbon

sources since it is ultimately derived from position 4 of

glucose.

Incorporation of 13C label at Cb

If the only active pathways in the production of amino acids

are glycolysis and the interrupted TCA cycle shown in

Fig. 2 then the level of 13C incorporation at Cb positions

(that includes both isolated and non-isolated label) is pre-

dicted to be 50% (with the exception of His, see above).

This upper bound derives from the fact that glucose is split

into two molecules of 3PG, only one of which is labeled at

position 3 in the case of [1-13C]-glucose and at position 2 in

the case of [2-13C]-glucose. In order to quantify the actual

level of incorporation, signal intensities in 13C–1H corre-

lation spectra of selectively 13C labeled samples of the

Abp1p SH3 domain prepared using either [1-13C]-glucose

or [2-13C]-glucose were compared with the corresponding

correlations in a uniformly 15N,13C labeled sample. Dif-

ferences in sample concentrations were accounted for by

normalizing according to the average peak intensities in
15N–1H correlation maps, as described in the section

‘Materials and methods’. The percentage enrichment for

each residue is listed in Table 1. Using [1-13C]-glucose as

the precursor the fractional incorporation of 13Cb is rather

uniform, with values of 33–43% for all amino acids that are

predicted to be 13C enriched at the Cb position, slightly

lower than the expected 50%. The smaller than predicted

values are not likely the result of the glyoxylate shunt since

the OA formed via this pathway is also 50% 13C labeled at

Cb. Rather, they likely reflect the operation of the pentose

phosphate pathway that generates unlabeled intermediates

from [1-13C]-glucose (Voet and Voet 1995). Small levels of

enrichment (5%) were noted at the b-positions of AKG

derived residues, resulting from 2,3 13C labeled OA pro-

duced from the glyoxylate shunt that subsequently enters

the TCA cycle, Fig. 2a, discussed above. As expected, we

did not detect any 13Cb enrichment for Ile, Leu and Val.

Amino acids in the Abp1p SH3 domain produced from

[2-13C]-glucose that are predicted to be highly enriched at
13Cb (Gln, Glu, Ile, Leu, Pro, Val) were found to have levels

of incorporation ranging from 29–46% (although some are

not isolated). Here the glyoxylate shunt does not lead to
13Cb labeling but the pentose phosphate pathway can (Voet

and Voet 1995), accounting for the small levels of enrich-

ment in residues that are not predicted to have 13Cb label on

the basis of glycolysis and the TCA cycle, Fig. 2b. Notably,

some level of 13C enrichment at the Cb position was

detected for all residue types present in the Abp1p SH3

domain produced using the [2-13C]-glucose precursor.

Residues derived from OA were labeled to & 10% as were

those produced from 3PG, while Phe and Tyr, derived from

PEP, were 13Cb enriched to approximately 5%. Finally, it is

worth noting that the fractional 13C incorporation at the Cb

position for residues types that either are not present in the
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Fig. 2 Biosynthetic pathways involved in 13C labeling at the Cb

positions of amino acids in bacteria deficient in succinate dehydro-

genase, e.g. BL21(DE3)Dsdh, showing glycolysis, the interrupted

TCA cycle and the glyoxylate shunt. See legend of Fig. 1 for

more details. Expected labeling patterns if [1-13C]-glucose a or

[2-13C]-glucose b is used as the carbon source are indicated. Also

shown is the biosynthesis and expected labeling pattern of the

hydrophobic amino acid Val. The hydroxyethyl group of hydroxy-

ethyl-TPP participating in the first step is an intermediate in the

formation of Ac–S–CoA (Voet and Voet 1995)
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Fig. 2 continued
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Abp1p SH3 domain or that could not be quantified is

expected to be very similar to values quantified for residues

that are derived from the same precursor (i.e., values for

Met will be close to those for Asn, Asp, Lys and Thr).

It is clear from the above discussion (and Table 1) that

quite high levels of 13Cb label can be generated using

[1-13C]- and [2-13C]-glucose precursors. This is necessary

but not sufficient for applications involving 13C transverse

relaxation measurements since a prerequisite is also that the

labeling scheme produce minimal levels of 13Ca–13Cb and
13Cb–13Cc fragments. To analyze whether in fact this is the

case 13C–1H correlation spectra were recorded with high

resolution in the 13C dimension (acquisition times of 90 ms

in t1). Isolated 13C enriched positions appear as singlets

whereas doublets separated by 35–55 Hz indicate a 13C–13C

spin-pair; more complex multiplet patterns were not

observed. Figure 3 shows F1 traces through 13Cb–1Hb cor-

relations of all amino acid types present in the Abp1p SH3

domain produced using either [1-13C]- (a) or [2-13C]-glucose

(b). The traces have been scaled to reflect the level of frac-

tional enrichment in the singlet component (Total Enrich-

ment x Fraction Isolated, as reported in Table 1). For the

sample produced with [1-13C]-glucose/NaH12CO3 it is clear

that almost all of the intensity of the correlations derive from

the singlet component, with a very small but measurable

doublet seen in most cases (each multiplet component of the

doublet corresponds to less than 3.5% of the total signal,

Table 1). The ratios of peak volumes of the singlet (VS) and

singlet ? doublet (VS ? VD) components that have been

quantified in 2D correlation maps, VS/(VS ? VD), are listed

in Table 1 (under Fraction Isolated); all values for the 11

amino acids that are suitably labeled from [1-13C]-glucose/

NaH12CO3 (bold in Table 1) are C0.93.

If [2-13C]-glucose is used as the carbon source both Glu

and Pro generate singlet 13Cb signals (C95% isolation),

Fig. 3b and Table 1, and although Gln and Arg are not

present in the Abp1p SH3 domain they are also expected to

produce singlets since they derive from the same

Table 1 Fractional 13C enrichment at Cb and the fraction of isolated 13Cb positions for different amino acid residue types produced by over-

expression in BL21(DE3)Dsdh cells using the indicated carbon sources

Amino acid [1-13C]-glucose/NaH12CO3 [2-13C]-glucose

Total enrichment Fraction isolateda Total enrichment Fraction isolateda

Ala 0.41 – 0.002 (2) 0.94 – n.a. (1) 0.09 ± 0.008(2) 0.89 ± 0.05 (2)

Argb n.a. 0.66 ± 0.04 (2)c n.a. 0.95 – 0.02 (4)c

Asn 0.33 – 0.04 (3) 0.93 – 0.02 (3) 0.11 ± 0.02 (3) 0.93 ± 0.02 (2)

Asp 0.35 – 0.007 (2) 0.93 – 0.02 (3) 0.12 ± 0.02 (2) 0.93 ± 0.02 (2)

Cysb n.a. 0.94 – 0.05 (2)c n.a. 0.74 ± 0.01 (3)c

Glnb n.a. 0.66 ± 0.04 (2)c n.a.a 0.95 – 0.02 (4)c

Glu 0.05 ± 0.01 (2) 0.66 ± 0.04 (2) 0.39 – 0.05 (2) 0.95 – 0.02 (4)

Hisb, d n.a. n.a. n.a. n.a.

Ilee n.a. n.a. 0.43 ± 0.04 (3) 0.55 ± 0.03 (3)

Leue n.a. n.a. 0.42 ± 0.04 (4) 0.57 ± 0.05 (7)

Lys 0.33 – 0.05 (3) 0.97 – 0.01 (3) 0.11 ± 0.007 (3) 0.95 ± 0.03 (3)

Metf n.a. 0.93 – 0.02 (3) n.a. 0.93 ± 0.02 (2)

Phe 0.33 – 0.0004 (2) 0.95 – n.a. (1) 0.04 ± 0.0008 (2) 0.58 ± 0.05 (3)

Pro 0.05 ± 0.006 (2) 0.66 ± 0.04 (2) 0.29 – 0.01 (2) 0.95 – 0.02 (4)

Ser 0.43 – 0.08 (3) 0.94 – 0.05 (2) 0.12 ± 0.01 (3) 0.74 ± 0.01 (3)

Thr 0.34 – 0.002 (2) 0.93 – 0.02 (3) 0.10 ± 0.009 (2) 0.93 ± 0.02 (2)

Trp 0.35 – 0.03 (2) 0.94 – 0.05 (2) 0.08 ± 0.02 (4) 0.74 ± 0.01 (3)

Tyr 0.36 – 0.02 (2) 0.95 – n.a. (1) 0.06 ± 0.003 (2) 0.58 ± 0.05 (3)

Vale n.a. n.a. 0.46 ± n.a. (1) 0.57 ± 0.05 (7)

a Residues highlighted in bold are those that can be used for measurement of 13Cb relaxation dispersion profiles, with the labeling scheme

described (i.e., sufficient levels of enrichment and isolation). Results for residues derived from the same precursor were averaged
b Not present in the Abp1p SH3 domain
c Expected fraction of isolated 13Cb based on the results from amino acids produced from the same precursors
d His is not labeled at Cb with the glucose precursors used
e These residue types are not expected to be enriched using [1-13C]-glucose as carbon source
f The 13C enrichment at Cb could not be quantified due to spectral overlap in the spectrum of the uniformly 13C labeled protein
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precursors as Gln and Arg. As expected, correlations from

Ile, Leu and Val indicate that these residues contain equal

populations of 13Cb–13C and isolated 13Cb fragments while

Phe, Ser, Trp and Tyr, that can only be 13C labeled at Cb by

the pentose phosphate pathway (Voet and Voet 1995), are

also enriched with 13C label at both b and a (Ser, Trp) or c
(Phe, Tyr) positions. 13Cb–1Hb correlations from many of

the remaining residue types are dominated by the singlet

component consistent with isolated or near isolated 13Cb

spins but as indicated in Fig. 3b and Table 1 the extent of

labeling is low.

In summary, the results from the analysis of the levels of
13C incorporation and the extent of formation of isolated
13Cb positions suggest that there are 11 residue types (Ala,

Asn, Asp, Cys, Lys, Met, Phe, Ser, Thr, Trp, Tyr) available

for study by relaxation dispersion in protein samples pro-

duced by over-expression in BL21(DE3)Dsdh cells with

[1-13C]-glucose/NaH12CO3 as the carbon source (bold in

Table 1). An additional 4 residues (Arg, Gln, Glu, Pro)

emerge from samples produced using [2-13C]-glucose as

the carbon source (bold in Table 1) and in cases where

sensitivity is not limiting Ala, Asn, Asp, Cys, Lys, Met,

Thr may also be suitable although these residues are

labeled at a much higher level by [1-13C]-glucose. As a

final note it is worth reiterating that it is also possible to

express proteins using [1,3-13C]-glycerol or [2-13C]-glyc-

erol with the Dsdh cell strain to generate levels of 13Cb

enrichment that are twice those reported here for glucose,

albeit at the expense of less protein production, at least in

the case of the Abp1p SH3 domain that is the focus of this

study. The choice of a glycerol- or glucose-based growth

strategy depends on the relative levels of expression for the

protein considered, as well as issues of cost since [1-13C]-

glucose is approximately three-fold cheaper than either of

the glycerol precursors.

A pulse scheme for the measurement of relaxation

dispersion profiles for 13CH2 groups

Figure 4 shows the pulse sequence that has been developed

for the measurement of 13C relaxation dispersion profiles

for isolated 13CH2 moieties in proteins. The pulse scheme

follows closely a similar experiment that was developed to

quantify 15N dispersions derived from 15NH2 groups of Asn

and Gln side-chains (Mulder et al.2001a, b). The flow of

magnetization during the sequence is

1Hb ! 13Cb ! CPMG! 13Cbðt1Þ ! 1Hbðt2Þ ð1Þ

Fig. 3 13Cb traces from 13C–1H correlation maps showing observed

multiplet patterns for all residue types present in the Abp1p SH3

domain produced using the labeling schemes presented in Fig. 2. A

1.0-ppm region is shown in all cases. A singlet indicates an isolated
13C enriched position whereas a doublet separated by 35–55 Hz

corresponds to a 13C–13C spin-pair. More complicated patterns than

the superposition of a singlet and a doublet were not observed. a
Examples of 13Cb–1Hb correlations from all residue types (for which

cross peaks could be detected) in a sample produced from expression

in BL21(DE3)Dsdh cells with [1-13C]-glucose/NaH12CO3 as carbon

sources. All residue types with near isolated 13Cb positions (C93%,

Table 1) and for which enrichment levels [30% are obtained are

indicated in red. b Examples of 13Cb-1Hb correlations of all residue

types in a sample produced with [2-13C]-glucose and grown in

BL21(DE3)Dsdh cells. Only residue types that are enriched to &30%

or greater and that contain near isolated 13Cb are indicated in red. All

traces are scaled to indicate relative enrichment levels (Table 1); the

scaling is based on the relative intensities of the singlet multiplet

components (i.e., total enrichment 9 fraction isolated)

c
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with the CPMG pulse-train split by an element that ensures

that the effective 13C transverse relaxation rate for the

duration of the constant-time CPMG relaxation period is

independent of the number of refocusing pulses (Loria

et al. 1999; Mulder et al.2001a, b). We have chosen to use

‘aliphatic’ selective pulses for the pulse train so that 13Cb

magnetization derived from Asp/Asn residues with
13Cb–13Cc pairs (corresponding to 7% of the total magne-

tization from these residues) would be refocused, just as for

isolated spins.

The 13Cb spin can, of course, be directly coupled to

either one, two or three protons and separate pulse schemes

must be employed depending on whether there are an odd

or even number of coupling partners. For example, the

pulse trains applied before and after the so-called P-ele-

ment in the center of the CPMG train in Fig. 4 must have

orthogonal phases for CH and CH3 spin systems, but not

for CH2 moieties. Sequences for recording 13C CPMG

dispersion profiles for isolated 13CH and 13CH3 groups

have been published previously (Hansen et al. 2008b;

Lundström et al. 2007b) and we have used these sequences

in the present study. As a final note it is worth emphasizing

that purging elements that eliminate magnetization from

coupled 13Cb–13C spin-pairs (Mulder et al. 2002; Wand

et al. 1995) were not employed in any of the pulse schemes

used in the present study. Typically these schemes are on

the order of 1/(2JCC) & 15 ms in duration and for appli-

cations involving even small proteins relaxation losses

during this interval can be considerable. For the 15 residues

with near isolated 13Cb spins (see above) purging is not

necessary; in some cases the small contributions to the

signal that arise from the approximately 5% of Cb carbons

that are one bond homonuclear scalar coupled can be

minimized by restricting measurement of peak intensities

to regions focused on the singlet component. Accurate

dispersion profiles for quantification of exchange involving
13Cb probes from Ile, Leu or Val require measurement

using versions of the experiments that include purge ele-

ments and this has not been done in the present study.

Experimental verification

The labeling scheme described above leads to reasonably

high levels of 13Cb enrichment (30–40%) for 15 of the 19

amino acids as well as minimal contamination by scalar

coupled 13Cb–13C spin-pairs. For systems that do not

undergo chemical exchange it is expected that 13Cb

R2,eff(mCPMG) values measured for these residues would

therefore be independent of the repetition rate of refocusing

pulses (i.e., that flat dispersion curves would be obtained).

By contrast, for residues such as Ile, Leu and Val, where a

large fraction of the 13Cb labeling is in the form of coupled
13C–13C spins, the evolution of magnetization due to

homonuclear scalar couplings produces significant artifacts

in dispersion curves. By recording dispersion profiles in a

non-exchanging system it is possible to evaluate the extent

of artifacts that are produced by scalar couplings and to get

a qualitative feel for whether it might be possible to

measure accurate 13Cb chemical shifts. As a first control we

have recorded dispersion profiles for a sample of the

Abp1p SH3 domain produced with [1-13C]-glucose.

Because there is very little chemical exchange in the apo

version of this protein (flat dispersion profiles for backbone

spin-probes in the apo state) (Vallurupalli et al. 2008a, b;

Hansen et al. 2008a, b; Lundström et al. 2009) it is

expected that the 11 residue types produced from 3PG,

PEP, pyruvate and OA will generate flat dispersion profiles.

This can be quantified by calculating

Fig. 4 Pulse sequence for the measurement of 13Cb CPMG relaxation

dispersion profiles of ‘isolated’ 13CbH2 groups in proteins. 1H and 13C

90� (180�) pulses are shown as narrow (wide) bars. The 1H carrier is

placed on the water signal, while the 13C carrier is at 38 ppm. The 1H

pulse in the middle of the constant-time CPMG relaxation delay

(duration Trelax) is of the composite 90�x–180�y–90�x variety (Levitt

1986), while the shaped 13C refocusing pulses have profiles very

similar to those of RE-BURP pulses (Geen and Freeman 1991) so as

not to perturb any small residual labeling of 13CO of side chains. A

detained description of the pulses is supplied in Lundström et al.

(2008) with the major difference a flatter refocusing profile than for

RE-BURPs. N is even. A so-called P-element (Loria et al. 1999;

Mulder et al. 2001a,, b) is applied in the center of the CPMG element

so that the effective 13Cb transverse relaxation rates are independent

of N. 13C decoupling during acquisition is achieved using a 2–2.5 kHz

GARP-1 field (Shaka et al. 1985). The delays sa and sb are set to 1.6

and 1.85 ms, respectively and the phase cycle is /1 = x, -x,

/2 = 2(x), 2(-x), receiver = x, 2(-x), x. Quadrature detection in t1
is achieved via States-TPPI of u2 (Marion et al. 1989)
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RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ND�1
X

i

Ri
2;effðmCPMG;iÞ � k

n o2
s

where Ri
2;eff is the effective transverse relaxation rate at

CPMG frequency vCPMG,i, k = hR2,eff(mCPMG)i and ND is

the number of data points in the dispersion profile. RMSD

values of 1.03 ± 0.34 s-1 are calculated that are higher

than values obtained previously for labeling at other sites

(average values of 0.12 s-1 of 0.5 s-1 for 15N and 1Ha), but

still reasonably small (see below).

As a second step, we wanted to establish that accurate

values of 13Cb chemical shift differences could be extracted

from fits of relaxation dispersion profiles. For this purpose

an exchanging system was used that has been described

previously, based on the binding reaction:

Pþ L�
kon

koff

PL; KD ¼ 0:55� 0:05 lM ð2Þ

where P is the Abp1p SH3 domain and L a 17 residue

peptide from the protein Ark1p. If only a small fraction L is

added (5–10%), apo P remains the visible, ground state

while PL is the invisible, ‘excited’ state. Since the

exchange rate constant is on the order of several

hundreds per second when

½PL�
½P� þ ½PL� � 5� 10%;

25�C, well within the window of CPMG relaxation

dispersion experiments, the chemical shift differences

between probes in P and PL can be extracted from fits of

dispersion profiles. These values can subsequently be

compared with those obtained directly from measurements

of peak positions in samples of P (apo SH3 domain) and PL

(SH3 domain with saturating amounts of Ark1p peptide).

As described in the section ‘Materials and methods’

samples were prepared with

½PL�
½P� þ ½PL� � 12%

([1-13C]-glucose) and

½PL�
½P� þ ½PL� � 4%

([2-13C]-glucose) and the pulse scheme of Fig. 4 was used

to record 13Cb dispersion profiles for all residue types with
13CbH2 groups, with additional profiles for Ala (13CbH3)

and Thr (13CbH) obtained from measurements on the 12%,

[1-13C]-glucose sample using previously published pulse

sequences (Hansen et al. 2008b; Lundström et al. 2007b).

Dispersion profiles were initially selected for analysis

based on the F-test criterion discussed in the section

‘Materials and methods’. Notably, a significant number of

clearly artifactual, very small and ‘noisy’ dispersion profiles

with DR2,eff B 2 s-1 were retained at this step that arise

from 13Cb–13C couplings that modulate the echoes pro-

duced during the CPMG pulse train. Indeed, in a previous

study focusing on 13C-methyl dispersion measurements in

T4 lysozyme (labeled using 13CH3-pyruvate) we noted

small dispersion profiles for Leu residues that were clearly

far removed from the site of exchange, resulting from three-

bond 13Ca–13Cd couplings (Mulder et al. 2002). We have

also observed a similar situation in measurements of 13Ca

dispersion profiles where many of the non-exchanging sites

show profiles with DR2,eff = 1–2 s-1 (Hansen et al. 2008b).

In order to ensure that ‘contamination’ from this artifact is

minimal in studies here, we have selected only those resi-

dues for which DR2,eff C 5 s-1 (800 MHz) for further

analysis (but see below).

Figure 5 illustrates a number of 13Cb dispersion profiles

(open circles) measured on samples prepared with either

[1-13C]-glucose, pB & 12% (a) or [2-13C]-glucose,

pB & 4% (b). Dispersion curves from each sample were

fitted simultaneously to obtain global parameters kex and pB

as well as the residue specific parameters |D-| and R2,o. The

global exchange values so obtained for the [1-13C]-glucose,

pB & 12% sample, kex = 330 ± 30 s-1 and pB = 12 ±

0.8%, based on analysis of 14 dispersion profiles (10 resi-

dues) were consistent with those measured from analysis of

an 15N relaxation dispersion experiment that was recorded

initially. In the case of labeling with [2-13C]-glucose, fewer

high quality dispersion profiles were obtained since only the

four AKG-derived residues are enriched to high levels with

isolated 13Cb spins and regrettably two of the four (Arg,

Gln) are not present in the Abp1p SH3 domain. We have

therefore used dispersion profiles from other residues that

are enriched to levels of approximately 10% at Cb and

where the Cb position is isolated (Asn, Asp, Lys, see

Table 1) that not surprisingly were of lower quality than

those derived from amino acids with enrichment levels of

30–40%. Seven dispersion profiles (from 4 residues) were

fitted using kex and pB values obtained from 15N data and

|D-| values extracted. Signs of |D-| and hence the chemical

shifts of the excited state could be obtained by measuring

peak positions in HMQC- and HSQC-type datasets recor-

ded at a number of static magnetic fields (Skrynnikov et al.

2002), although we have not done so here.

The accuracy of 13Cb |D-| values extracted from fits of

dispersion profiles is established by comparison with shift

differences that are measured directly on fully bound and

free Abp1p SH3 domains. Figure 6 shows a comparison of

|D-CPMG| (Y-axis) and |D-Direct| for samples produced

using [1-13C]-glucose/NaH12CO3 (a) or [2-13C]-glucose (b)

as carbon sources. The pair-wise RMSD between the

CPMG/Direct datasets is 0.16 ppm (a) and 0.27 ppm (b).

An obvious outlier in both correlation plots is |D-| from

Asn53, that deviates by 0.42 and 0.50 ppm (average of fits
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from profiles derived from the two 13Cb–1Hb correlations)

from the expected value. Because the same trend is

observed from both samples and almost identical values of

|D-| were calculated directly from peak positions in three

different bound and free samples, we are convinced that

differences in sample conditions are not the reason for the

discrepancy and currently the origin of this difference is

unknown. Shown in the insets to each of the figures are log-

scale plots of |D-CPMG| versus |D-Direct| that are obtained

from fits of dispersion data that satisfy the F-test criterion

for selection, irrespective of DR2,eff. It is clear that |D-|

values are overestimated by the CPMG method for

|D-| B 0.2 ppm. Most important, however, is that even if

these ‘false positive dispersions’ are included in the analysis

they are fit to small |D-| values that would not lead to errors

in predicted secondary structure elements nor in estimated

(U, W) values based on data base analyses (Cornilescu et al.

1999). In this regard it is worth noting that the accuracy of

predicted 13Cb chemical shifts using the best current algo-

rithm, SPARTA, is 1.07 ppm (Shen and Bax 2007), well

Fig. 5 Examples of 13Cb relaxation dispersion profiles recorded on

the fractionally bound Abp1p SH3 domain-Ark1p peptide complex,

25�C, with the SH3 domain over-expressed in BL21(DE3)Dsdh cells

using [1-13C]-glucose/NaH12CO3 or [2-13C]-glucose as carbon

sources. Blue and red symbols denote data recorded at 800 and

600 MHz, respectively, the vertical lines are error bars calculated on

the basis of repeat measurements and the solid lines are fits to a global

two-state model of chemical exchange. Fitted absolute values of the

differences in chemical shifts between the free (ground) and bound

(excited) Abp1p SH3 domain states are indicated. a 13Cb dispersion

profiles for 12% Ark1p peptide bound to the Abp1p SH3 domain

produced using [1-13C]-glucose/NaH12CO3. The data for Ala12 in the

upper panel was recorded using a previously published pulse

sequence designed for methyl groups (Lundström et al. 2007b) while

the data in the bottom two panels were recorded with the pulse

scheme presented in Fig. 4. b 13Cb dispersions measured on a sample

with 4% Ark1p peptide bound to the Abp1p SH3 domain produced

using [2-13C]-glucose. Data for all residues was recorded using the

pulse sequence of Fig. 4
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below the accuracy that can be measured via relaxation

dispersion so that measurements of 13Cb |D-| values will be

very useful as restraints in structural characterization of

protein excited states. Of course, the accuracy of extracted
13Cb |D-| values will likely decrease as intrinsic relaxation

rates of 13Cb increase. Applications to medium sized pro-

teins may benefit from a strategy in which 13CbHD moieties

are produced by over-expression of protein in a mixture of

H2O/D2O as was currently described in an application

involving the use of glycine 13Ca spins as probes of

exchange (Vallurupalli et al. 2009).

In summary, we have established a labeling scheme that

produces isolated, reasonably highly 13C enriched Cb

positions in proteins that surpasses what can be achieved

with random fractional labeling. In the application con-

sidered here samples are produced by over-expression in a

commonly used bacterial strain with a single lesion in the

TCA cycle using either [1-13C]-glucose/NaH12CO3 or

[2-13C]-glucose as carbon sources. Proteins can also be

expressed in this strain using suitably labeled glycerol

precursors (LeMaster and Kushlan 1996), leading to a

factor of two increased enrichment at 13Cb over the levels

reported for glucose in the present study, although often at

the expense of smaller protein yields. Proteins produced

with the labeling profile described are advantageous for

the measurement of relaxation properties in studies of ps-

ns time-scale dynamics, for example, where the generation

of isolated 13C positions simplifies the number of spin-

interactions that must be considered (LeMaster and

Kushlan 1996). Additionally such samples have found

utility in solid-state NMR applications where they are

produced in wild-type E. coli cell lines (Castellani et al.

2002; Wasmer et al. 2008). Use of the BL21(DE3)Dsdh

cell line will lead to ‘cleaner’ samples in the sense that

there will be fewer 13C–13C spin-pairs, an important con-

sideration in the solid-state NMR work as well, without

compromising the level of protein expression. However, a

major utility of these samples is for the measurement of
13Cb chemical shifts in invisible, excited protein states.

Herein we have shown that accurate 13Cb shifts can be

obtained via relaxation dispersion measurements. As such

the present work extends the dispersion methodology and

provides yet another in a growing list of experiments for

characterizing biologically important, yet short-lived and

low populated conformers.
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