
DOI: 10.1002/cbic.201300230

A Computational Study of the Effects of 13C–13C Scalar
Couplings on 13C CEST NMR Spectra: Towards Studies on
a Uniformly 13C-Labeled Protein
Pramodh Vallurupalli,[a] Guillaume Bouvignies,[a] and Lewis E. Kay*[a, b]

Dedicated to the memory of Professor Ivano Bertini and his infectious enthusiasm for life and science

Fifty years ago Forsen and Hoffman described an elegant ex-
periment for quantifying the kinetics of chemical exchange be-
tween pairs of interconverting conformers.[1] In their simple ap-
proach a continuous wave (CW) radio frequency (rf) pulse was
applied to longitudinal magnetization derived from one of the
exchanging sites and the effect of the perturbation on mag-
netization from the second site was measured. Although initial
applications focused on small organic molecules, subsequent
studies were extended to protein systems as the sensitivity
and resolution of NMR instrumentation improved.[2–5] These
pioneering experiments showed that kinetics studies could be
performed on complex molecules and further that the utility of
the methodology could be extended to other applications
such as the assignment of chemical shifts of one of the inter-
converting states, once the shifts in the second conformer
were available.[2, 6]

The basic principles of these early NMR experiments have
been exploited to great advantage in MRI applications through
so-called chemical exchange saturation transfer (CEST).[7, 8] Here
it has been recognized that the weak signals of metabolites
that exchange protons with water can be amplified many fold
by transferring magnetization from the metabolite to water
and subsequently recording the water signal. Recently the MRI
CEST experiment has been adapted to study chemical ex-
change between highly populated, long-lived ground (“visi-
ble”) and sparsely populated, transiently formed (“invisible”)
excited states when they are in moderately slow exchange.[9–14]

In order to understand the basic features of this experiment
that will be critical in what follows, we consider a spin ex-
changing between ground (G) and excited (E) states,
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where the fractional population of E, pE, is such that only reso-
nances from the ground state are observed in NMR spec-
tra.[10, 15, 16] The basic building block of the CEST experiment
takes longitudinal magnetization and applies a weak CW rf
field (B1~5–50 Hz) for a duration TCEST that is typically several

hundreds of milliseconds. A series of experiments are recorded
with the B1 field applied at offsets that span the expected
range for the spin probe in question (e.g. , 15N or 13C). The in-
tensity of the ground state cross peak, I, is measured for each
B1 offset by transferring the resultant z-magnetization into the
transverse plane for detection. When the B1 field is proximal to
the ground state resonance, I decreases, as expected since the
z-magnetization of state G is attenuated. In a similar manner, I
decreases when the B1 field is applied at the frequency of
state E because the perturbation is transferred to the corre-
sponding spin in the ground conformer through chemical ex-
change. The resulting CEST profiles, plotting I versus B1 offset,
therefore have intensity dips at ˆG and ˆE, corresponding to
the resonance positions (in ppm) of ground and excited states;
they can be analyzed to obtain exchange parameters, includ-
ing kex = kEG + kGE, pE and ˆE, as described previously.[10]

Protein applications of this methodology have focused on
backbone 15N, 1HN 13Ca, 13CO and side-chain methyl 13C
spins.[10–14] In the case of 13Ca or methyl-carbon-based experi-
ments,[12, 14] proteins were labeled with isolated 13C spins, avoid-
ing homonuclear 13C–13C couplings which increase line widths
of the dips in the CEST profiles, and consequently decrease
resolution. In contrast, 13CO experiments were recorded on
a uniformly 13C-labeled sample.[13] Attempts to decouple the
13Ca spins from the 13CO carbons in the CEST dimension were
not successful because decoupling side-band artifacts were in-
troduced, as described elsewhere,[13] and ultimately fully cou-
pled data sets were obtained. The resultant one-bond 13CO–
13Ca couplings (51 Hz) could not be resolved in the CEST di-
mension with the B1 fields that were used (�20 Hz) and their
effects were included in fits of the resulting CEST profiles,
yielding accurate exchange parameters and chemical shifts.

Encouraged by our results using uniformly 13C-labeled sam-
ples for 13CO CEST experiments, we explore here the possibility
of extending studies to aliphatic side-chain positions. Unlike
the case for 13Ca and 13CO spins that are separated by over
100 ppm and hence are never strongly coupled, adjacent ali-
phatic side-chain carbons can have similar chemical shifts,
leading to strong coupling conditions. Here we use simulations
to investigate the feasibility of extracting accurate excited
state 13C chemical shifts in cases where probe nuclei are part
of coupled 13C–13C spin networks, such as would be the case in
uniformly 13C-labeled protein samples. We show that for the B1

fields that are used in experiments, 13C–13C couplings do not
introduce errors in extracted chemical shifts, although in some
cases the resulting CEST profiles can be affected. Excellent
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agreement is obtained between simulation and experiment,
substantiating the results based on computation. The present
study establishes the feasibility of obtaining accurate excited
state aliphatic 13C chemical shifts from CEST experiments re-
corded on fully 13C-labeled proteins, paving the way for de-
tailed structural studies of sparsely populated conformers
using side-chain 13C probes.

For the purposes of the simulations we consider here the
simplest of molecular fragments, consisting of a pair of one-
bond coupled 13C-13C spins with the value of JC1C2 set to 36 Hz,
Figure 1 A, corresponding to the magnitude of aliphatic carbon
couplings in proteins.[15, 17] Further we suppose that the frag-
ment is attached to a molecule that exchanges between states
G and E, producing the spectrum shown in Figure 1 B, where
ˆj

A is the chemical shift (ppm) of spin j in state A (j2{’C1’,’C2’},
A2{’G’,’E’}). Although the resonances from the excited state are
typically not observed in spectra, they are shown here for the
purpose of clarity. A schematic of a typical NMR experiment
used to record CEST profiles is shown in Figure 1 C, omitting
technical details that are not relevant for understanding basic
concepts. In an actual experiment, magnetization is transferred
from 1H to 13C, 13C chemical shift is frequency encoded during
a t1 evolution period and magnetization restored to the z axis

prior to the application of a weak CEST rf field, as described
above.[12] The resultant longitudinal magnetization from
state G (recall that state E is “invisible”) is subsequently quanti-
fied by first transferring magnetizationn back to 1H for detec-
tion and then measuring the intensity of the correlation at
(ˆ G

C1, ˆ G
H1) in a 2D 13C–1H data set. By repeating the experi-

ment as a function of position of the weak rf field, a CEST pro-
file such as the one in Figure 1 D is obtained (using values of
pE = 3.5 %, kex = 75 s�1, TCEST = 250 ms) where I and Io are intensi-
ties of the ground state peak obtained in experiments record-
ed with and without the CEST interval, respectively. Note that
dips at ˆG and ˆE are observed, as expected in the simple
case of an “isolated” spin in exchange between a pair of sites.

Because a simple 2-spin 13C–13C fragment is considered here,
there is no need to invoke the transfers from 1H to 13C and
back in the simulations that follow. The t1, t2 evolution periods
sandwiching the CEST interval can be taken into account
simply by considering longitudinal magnetization originating
on one of the carbon spins (C1 in what follows) prior to the
CEST period, calculating evolution during the CEST interval
using the Bloch–McConnell equations[18] describing two-site ex-
change[9, 10] and then quantifying the longitudinal magnetiza-
tion on C1 at the end of the CEST interval. Further 1H–13C

scalar couplings during the CEST
period can be ignored; in prac-
tice the effects of such couplings
are eliminated by the application
of 1H decoupling.[10, 12] The pro-
files in Figure 1 D–H were all cal-
culated in this manner, with
JC1C2 = 0 for Figure 1 D.

Next we set JC1C2 = 36 Hz and
varied the difference in chemical
shifts between carbons C1 and
C2 (Hz), DG = (wG

C2�wG
C1)/2p by

moving the resonance frequency
of C2, as described in the legend
to Figure 1. Again the CEST pro-
file of carbon C1 was simulated.
For large values of DG/JC1C2>10,
CEST profiles (e.g. , Figure 1 E)
show little difference relative to
the case where JC1C2 = 0 (Fig-
ure 1 D) since the spin system is
essentially weakly coupled. In
principle, a doublet should be
observed for each peak, separat-
ed by JC1C2, however in practice
the finite B1 field used to per-
turb magnetization during the
CEST interval broadens the dips
in spectra and for B1 fields
�20 Hz resolved multiplet struc-
ture is not observed. Thus, the
major difference between the
profiles in Figure 1 D and E is the
increased broadening caused by

Figure 1. The effects of one bond 13C–13C scalar couplings on 13C CEST profiles recorded on uniformly 13C-labeled
molecules. A) Two-spin 13C–13C spin-system comprising carbons C1 and C2 considered in simulations. JC1C2 is the
one bond 13C–13C scalar-coupling constant. B) Spectrum of the spin system used: ˆ G

C1 and ˆ G
C2 are the chemical

shifts (ppm) of C1 and C2 in the ground state, with the corresponding shifts in E given by ˆ E
C1 and ˆ E

C2. Note
that the excited state peaks are not normally visible in a conventional NMR spectrum and are shown here for
clarity. The chemical shifts of C1 in G and E are 0 ppm and 9 ppm, respectively, while ˆ G

C2 =dG ppm and
ˆ E

C2 = dG + 13 ppm. The position of the ground state of C2 (dG =ˆ G
C2�ˆ G

C1) is varied in panels E–H, keeping
ˆ E

C2�ˆ G
C2 constant. C) Pulse scheme used to record CEST profiles, as described in the text. D–H) CEST profiles of

carbon C1 obtained with JC1C2 = 0 Hz (D) or 36 Hz (E–H) and with the ratio DG/JC1C2, DG = (wG
C2�wG

C1)/2p, as indicat-
ed. A dip corresponding to the excited state chemical shift of C1 is always observed at the correct frequency, irre-
spective of DG/JC1C2 (black vertical line). When dG is small (F–H) the CEST profile shows a dip at the excited state of
carbon C2 (indicated by arrows). As described in the text, only C1 longitudinal magnetization is considered at the
start and end of the 250 ms CEST interval. Values of pE = 3.5 %, kex = 75 s�1 and B1 = 20 Hz were used in all calcula-
tions.
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the unresolved doublets for finite values of JC1C2 (Figure 1 E). As
the DG/JC1C2 ratio decreases (smaller values of DG and dG =

ˆ G
C2�ˆ G

C1) the spin system becomes strongly coupled, yet the
position of the excited state resonance of carbon C1 does not
change (vertical line at ˆ E

C1; Figure 1 F–H). This is a significant
result because our main goal in using the 13C CEST experiment
is to measure accurate carbon chemical shifts of state E spins.
As dG decreases, a dip at the resonance position of the ground
state of C2 (ˆ G

C2) starts to appear and for dG values of 0.4 (Fig-
ure 1 F) and 0.1 ppm (Figure 1 G), the proximity of the C1, C2
ground state resonances leads to an unresolved pair of lines
close to 0 ppm. The appearance of ground state dips for both
C1 and C2 is a “tell-tale” sign of strong coupling since in the
weak coupling limit magnetization originating on C1 cannot
flow to C2.[15] An additional dip also begins to appear at ˆ E

C2,
corresponding to the exchange of longitudinal magnetization
between C1 of state G (denoted as C1(G)) and C2 of state E
(C2(E)). This dip derives from a pathway whereby longitudinal
magnetization C1(G) is transferred to C2(G) due to strong cou-
pling, then to C2(E) through chemical exchange. The perturba-
tion of longitudinal magnetization at C2(E) from the rf field, ap-
plied at the resonance position of the excited state of C2, is
then transferred back to C1(G), decreasing its intensity. The in-
creased length of the transfer pathway connecting C1(G) with
C2(E) explains why the dip at ˆ E

C2 is smaller than at ˆ E
C1, until

DG/JC1C2 = 0 (Figure 1 H) when carbons 1 and 2 become indistin-
guishable so that the transfer between C1(G) and C2(G) is in-
stantaneous. An additional point of interest is that the I/Io ratio
decreases from weak to strong coupling, reflecting the “leak-
age” of longitudinal magnetization from C1 to C2 during the
CEST interval. Finally, it is worth noting that cases involving
strong coupling will be known a priori from previously as-
signed ground state chemical shifts so that profiles of the sort
indicated in Figure 1 involving additional dips can be predicted
through simulations. In this manner, it is unlikely that the addi-
tional peaks observed would be interpreted incorrectly in the
context of say a three-site ex-
change model which would also
lead to additional dips relative
to the case of interconversion in-
volving a pair of sites.

Another interesting case is the
“flip side” of what has been con-
sidered above, namely where C1
and C2 of the excited state are
strongly coupled, while the cor-
responding carbons in the
ground state are only weakly so,
as illustrated in Figure 2. As with
all the examples in Figure 1 the
scheme of Figure 1 C is used so
that the longitudinal magnetiza-
tion of interest resides on the
ground state of C1 both before
and after the CEST interval. As
expected, a dip is observed at
the position of ˆ E

C1/ˆ E
C2 with an

additional smaller dip at ˆ G
C2 that derives from a transfer

scheme C1(G)!C1(E)!C2(E)!C2(G), where the middle trans-
fer occurs through strong coupling and the other pair of trans-
fers result from chemical exchange. The CEST rf field at ˆ G

C2

perturbs the magnetization of C2(G) and this perturbation is
transferred back to C1(G), by reversing the pathway above,
leading to a decrease in intensity of C1(G) that manifests in
the small dip observed at the resonance position of the
ground state of C2.

We have compared the results of simulations with those
from experiment. Here we have used a uniformly 13C-labeled
sample of the G48A Fyn SH3 domain that interconverts be-
tween ground state folded and excited unfolded states, kex =

(120�15) s�1, pE = (5.8�0.2) %, 25 8C. The exchange parame-
ters were measured using an 15N-based CEST method,[10] which
remains the preferred approach for obtaining rates and popu-

Figure 2. Strong coupling in the excited state can lead to extra dips in CEST
profiles. Here we have set ˆ G

C1 = 0 ppm, ˆ G
C2 = 5 ppm, ˆ E

C1 =ˆ E
C2 = 13 ppm,

so that C1 and C2 are strongly coupled in state E but not in G. An additional
very small dip is noted at ˆ G

C2 in the CEST profile of carbon C1 that derives
from a magnetization transfer pathway described in the text. All other pa-
rameters are as in Figure 1.

Figure 3. Validation of simulations through comparison with experiment. Calculated and experimental CEST pro-
files of Leu7 Cd1 of the G48A Fyn SH3 domain using CEST experiments indicated schematically above the panels.
The CEST profiles were calculated (A, C) using measured ground state chemical shifts ˆ G

Cd1 = 25.35 ppm, ˆ G
Cg =

26.78 ppm, and fitted excited state shifts ˆ E
Cd1 = 24.94 ppm, ˆ E

Cg = 26.94 ppm, JCd1,Cg = 36 Hz, kex = 120 s�1, pE =

5.8 %, B1 = 23.4 Hz, TCEST = 250 ms. All spectra show a major dip at ˆ G
C1 (black arrow) as well as a second smaller

dip between the ground state chemical shifts of C1 (Cd1) and C2 (Cg) (dashed black arrow), as described in the
text. In addition, the Scheme in which the CEST interval precedes t1,t2 (C, D) shows a further dip at ˆ G

C2 that is not
present when the CEST period is flanked by the chemical shift evolution periods (A, B), see text. Relaxation rates
used in the calculation are given in the Experimental Section and Computational Methods.

� 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2013, 14, 1709 – 1713 1711

CHEMBIOCHEM
COMMUNICATIONS www.chembiochem.org

www.chembiochem.org


lations.[13] The calculated and experimentally measured
13C CEST profiles for Leu7 Cd1 (carbon C1) that is coupled to
Cg (carbon C2), with ˆ G

Cd1 = 25.35 ppm, ˆ G
Cg = 26.78 ppm, are

shown in Figure 3. We have chosen this site because it is a rep-
resentative example of the sorts of “artifacts” that can be seen
in CEST spectra recorded on uniformly 13C-labeled samples. Be-
cause DG/JC1C2 is large (~6) we do not expect to see a dip cor-
responding to the excited state chemical shift of Cg (ˆ E

C2),
based on the results of Figure 1, and indeed we do not. In fact,
in no experimental cases for the Fyn SH3 domain were such
dips observed. Figure 3 A and B show the calculated (A) and
experimental (B) profiles using the scheme where the CEST in-
terval is between t1 and t2 evolution periods, as described pre-
viously. A small dip is predicted and observed at 0.5(ˆ G

C1 +

ˆ G
C2) that reflects the transfer of magnetization between C1

and C2 due to a well-known Hartmann–Hahn effect.[19, 20] Such
a dip is also observed in Figure 1 E but it is much smaller as
the transfer efficiency decreases for larger DG values. An isolat-
ed dip for the excited state C1 carbon is not observed, howev-
er, as ˆ G

C1�ˆ E
C1, that is the case for approximately 30 % of the

carbon spins in the Fyn SH3 domain. As an aside it is impor-
tant to realize that in these cases the excited state carbon
shifts can still of course be obtained, albeit likely at an accura-
cy that is lower than when resolved dips are measured. We
have also simulated CEST profiles using a pulse scheme in
which the CEST interval precedes both t1 and t2 evolution and
compared the results with experiment (Figure 3 C). Here longi-
tudinal magnetization from both C1(G) and C2(G) must be con-
sidered initially since separation of C1 and C2 follows only
after the CEST delay in this case. The small amount of transfer
between C1(G) and C2(G) due to DG/JC1C2~6 is sufficient to pro-
duce the small dip at ˆ G

C2 (Figure 3 C and D), that derives from
longitudinal magnetization initially on C2(G). This dip is not ob-
served when the CEST period is flanked by t1, t2 because this
version of the experiment specifically selects longitudinal mag-
netization from C1(G) at the beginning and end of the CEST
element.[21] A dip at ˆ G

C2 would only be observed for a transfer
such as C1(G)!C2(G)!C1(G) during the CEST interval, with
each step the result of evolution due to strong coupling, and
because DG/JC1C2 is large, such a process is very inefficient. For
applications involving uniformly 13C-labeled proteins we prefer,
therefore, to use the CEST experiment with the CEST element
between the chemical shift evolution periods.

In summary, we have presented a computational study es-
tablishing that accurate values of excited state 13C chemical
shifts can be obtained from CEST experiments recorded on uni-
formly 13C-labeled samples. For DG/JC1C2�2, CEST profiles are
essentially those expected in the limit that JC1C2 = 0. For values
smaller than ~1.5, additional dips can be observed but such
cases are easily predicted using available chemical shifts, espe-
cially since aliphatic side-chain 13C–13C scalar couplings are well
known (~35 Hz). Interestingly, for the G48A Fyn SH3 domain
that we consider experimentally, DG/JC1C2>2.7 for all residues,
so it is clear that strong coupling effects are expected to be
relatively rare in protein applications of the sort described
here. Finally, results from computations have been verified ex-
perimentally using a pair of CEST pulse schemes. Importantly,

experimental measurements on a uniformly 13C-labeled sample
of the G38A Fyn SH3 domain, to be published elsewhere, es-
tablish that accurate excited state shifts are obtained at all
carbon sites, even for 13C spins coupled to multiple partners (a
scenario that is outside the scope of simulations considered
here).The present study and related work[10, 13] suggests that
the great majority of heteroatom sites are accessible to study
through CEST using a single 15N,13C-labeled sample, so long as
the exchange time-scale is in the 20–300 s�1 range. In this
regard CEST is unique compared to other NMR relaxation
methods used to study excited protein states, including
CPMG[22, 23] or R11 relaxation dispersion[24] because a very weak
B1 field is used. The ability to measure excited state side-chain
13C chemical shifts through CEST methodology addresses an
important weakness in current relaxation dispersion experi-
ments and promises to significantly extend studies of sparsely
populated, transiently formed conformers.

Experimental Section and Computational
Methods

All calculations were performed using an in-house developed pro-
gram written in the Matlab v7.1 programming language (Math-
Works Inc. , Natick, MA). Evolution of magnetization during the
CEST interval was calculated by solving the Liouville equation[25–27]

[Eq. (1)]:

d
dt

1 ¼ �iL̂1 ð1Þ

where 1 is the density matrix in Liouville space and L̂ is the Liouvil-
lian. The Liouvillian in turn was constructed from the Hamiltonian
H [Eq. (2)][15]

H ¼ wC1C1z þ wC2C2z þ 2pJC1C2ðC1x C2x þ C1y C2y þ C1zC2zÞ
þ2pB1ðC1x þ C2xÞ

ð2Þ

where C1 and C2 denote carbons 1 and 2 respectively, as de-
scribed in the text, C1j j2{x,y,z} is a spin angular momentum opera-
tor and wCj is the offset (rad/sec) of the resonance position of
carbon Cj from the frequency of application of the weak CW rf
field (B1 Hz) during the CEST period. It is convenient to first calcu-
late H in the direct product (DP) basis set[15] (jaai, jabi, jbai,
jbbi). Next, the Liouvillian matrix (neglecting exchange for the
moment, “NE”) corresponding to H is calculated according to
L̂H

DP,NE = H�E�E�H’ where E is a (4 � 4) identity matrix, H’ is the
transpose (i.e. , Hij = H’ji) of the Hamiltonian matrix H and � is the
tensor product operator.[27] In order to take into account the effects
of spin relaxation most efficiently L̂H

DP,NE was transformed into the
product operator basis, generating L̂H

NE, with relaxation introduced
by the relation, L̂NE = L̂H

NE + L̂R
NE where L̂R

NE consists of relaxation rates
for the 16 different product operators that describe the evolution
of the 13C1–13C2 spin system. These can in principle be calculated
from Redfield theory[15, 28] but here we have used empirical rates
and have neglected cross-relaxation. Two-site chemical exchange is
introduced through the standard Bloch–McConnell formalism[18, 29]

that results in a 31 � 31 Liouvillian matrix,[29, 30] L̂. We have assumed
that only the chemical shift offsets of C1 and C2 differ between
ground and excited states {(wG

C1,wG
C2), (wE

C1,wE
C2)} with all relaxation

rates and JC1,C2 identical. Equation (1) can be solved to obtain the
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density matrix at the end of the CEST interval of duration TCEST,
1(TCEST),

1ðT CESTÞ ¼ e�iL̂T CEST 1ð0Þ ð3Þ

where 1(0) is the density matrix at the start of the CEST period
[Eq. (3)] . A set of calculations, each with a different rf carrier offset,
is obtained, thereby generating the full CEST profile. B1 inhomoge-
neity was included by performing each of the calculations for 11
different B1 values, ranging from B1 � (1+2s) to B1 � (1�2s) where
s is the fractional B1 field inhomogeneity, set to 0.1. The final CEST
curve was obtained as a Gaussian (width s) weighted sum of the
11 different calculations. Note that in all the calculations longitudi-
nal and transverse relaxation rates of R1 = 1.9 s�1, R2 = 8.4 s�1, were
used, a rate for multiple-quantum terms Rmq = 15 s�1 (such as,
2C1xC2y) was employed and the relaxation of longitudinal order
was set to Rzz = 3.8 s�1 (2C1zC2z). These rates are meant to approxi-
mate those relevant for the Fyn SH3 domain considered experi-
mentally.

13C CEST experiments (to be described elsewhere) were recorded
on a 2 mm uniformly 15N-, 13C-labeled G48A Fyn SH3 domain
sample dissolved in sodium phosphate buffer (50 mm, pH 7.0) con-
taining EDTA (0.2 mm), 0.05 % NaN3 and H2O/D2O (9:1 v/v). Details
of protein expression and purification were as described previous-
ly.[31, 32] All data were recorded at 25 8C, 14.1 T. TCEST was set to
250 ms during which a 23.4 Hz B1 field was used.
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