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Abstract A 13Ca chemical exchange saturation transfer

based experiment is presented for the study of protein

systems undergoing slow interconversion between an

‘observable’ ground state and one or more ‘invisible’

excited states. Here a labeling strategy whereby [2-13C]-

glucose is the sole carbon source is exploited, producing

proteins with 13C at the Ca position, while the majority of

residues remain unlabeled at CO or Cb. The new experi-

ment is demonstrated with an application to the folding

reaction of the Im7 protein that involves an on-pathway

excited state. The obtained excited state 13Ca chemical

shifts are cross validated by comparison to values extracted

from analysis of CPMG relaxation dispersion profiles,

establishing the utility of the methodology.

Keywords Protein dynamics � Slow chemical exchange �
Chemical exchange saturation transfer (CEST) � Protein

folding � Im7

Introduction

Much of structural biology has focused on studies of highly

populated, long-lived conformers that can be readily

characterized using a wide array of powerful biochemical

and biophysical methods. It is increasingly clear, however,

that additional conformations, beyond that of the ground

state, can be critical for function (Ishima et al. 1999;

Karplus and Kuriyan 2005; Boehr and Wright 2008; Fraser

et al. 2009). Often these conformers are sparsely and

transiently populated (so called excited conformational

states) so that they evade detection by conventional bio-

physical techniques. In principle, solution NMR spectros-

copy is a powerful method for studies of such elusive

conformations and the basic ‘experimental building blocks’

for doing so were developed already 50 years ago! More

recently, experiments such as Carr-Purcell-Meiboom-Gill

(CPMG) relaxation dispersion (Carr and Purcell 1954;

Meiboom and Gill 1958; Allerhand and Gutowsky 1964),

R1q relaxation (Deverell et al. 1970) and Chemical

Exchange Saturation Transfer (CEST) (Forsén and Hoff-

man 1963) have been significantly modified for studies of

biomolecules such as proteins and nucleic acids (Palmer

et al. 2005; Palmer and Massi 2006; Hansen et al. 2008a,

2009; Vallurupalli et al. 2008, 2012; Fawzi et al. 2011).

Central to the success of such methods is the fact that

they report not only on the kinetics and thermodynamics of

exchange processes but also on the chemical shifts of

‘invisible’ excited states that interconvert with ‘visible’

ground state conformers. In parallel with the development

of the experimental toolkit for extracting chemical shifts

has been the emergence of computational methods for

converting these shifts into detailed structural information.

Once chemical shifts can be obtained, modern prediction

tools such as Sparta? (Shen and Bax 2010), Shiftx? (Han
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et al. 2011) or Camshift (Kohlhoff et al. 2009), for exam-

ple, can be used in conjunction with molecular dynamics

simulations (Robustelli et al. 2010; Camilloni et al. 2012),

database protocols such CS-Rosetta (Lange et al. 2012),

CHESIRE (Cavalli et al. 2007) or CS23D (Wishart et al.

2008), or with structure prediction programs (Parisien and

Major 2008) to determine the structures of these invisible,

excited states (Vallurupalli et al. 2008; Korzhnev et al.

2010; Bouvignies et al. 2011; Nikolova et al. 2011; Dethoff

et al. 2012; Neudecker et al. 2012).

Over the past 15 years our laboratory has focused on

developing a suite of CPMG relaxation dispersion experi-

ments for studies of exchanging protein systems using

backbone (Orekhov et al. 2004; Lundström et al. 2008,

2009; Hansen et al. 2008b, c) and side-chain (Korzhnev

et al. 2005; Lundström et al. 2007a, b; Hansen and Kay

2011; Hansen et al. 2012) 1H, 13C and 15N probes with the

goal of providing the framework for detailed structural

studies of excited protein conformers. The CPMG tech-

nique is sensitive to exchange over a relatively narrow

window, from approximately 200–2,000 s-1. We have

shown that it is possible to extend the upper boundary of

the exchange time-scale to 5,000–6,000 s-1, through a

combination of experiments that monitor both transverse

relaxation rates (CPMG) and the static field dependence of

the ground state peak positions (Vallurupalli et al. 2011).

Exchanging systems that interconvert with rates on the

order of 100 s-1 or less and where excited state confor-

mations remain invisible have proven difficult to study in

the past. However, the development of CEST methods

provides an avenue for detailed characterization of excited

states in this case as well. In an important application of the

CEST methodology to macromolecules, Fawzi et al. (2011)

have developed an 15N-based experiment and used it to

measure (1) the interconversion of the Alzheimer’s Ab
peptide between the free form and high molecular weight

protofibrils and (2) the 15N linewidths of the invisible fibril

state resonances. Our laboratory has described a related
15N-CEST scheme (Vallurupalli et al. 2012) for measure-

ment of chemical shifts of excited states, ensuring that the
15N lines could be properly decoupled from the one-bond
1HN–15N scalar couplings during CEST evolution without

the introduction of sidebands. Very recently, schemes for
13CH3-CEST (Bouvignies and Kay 2012a) and 1HN-CEST

(Bouvignies and Kay 2012b), as applied to proteins, have

been proposed as well.

It has long been recognized that the 13Ca chemical shift is

a sensitive and perhaps the most significant reporter of pro-

tein backbone secondary structure (Spera and Bax 1991;

Wishart and Sykes 1994). On the basis of a range of studies,

extending from empirical observations (Spera and Bax 1991)

to DFT calculations (Vila and Scheraga 2009), the 13Ca shift

has been shown to be largely determined by residue type and

backbone conformation with much less dependence on side-

chain geometry, primary sequence or oligomerization state

(Iwadate et al. 1999; Vila et al. 2007). In studies of excited

protein states, knowledge of the 13Ca shifts is, not surpris-

ingly, often critical for accurate structure determination.

With this in mind, we extend the CEST toolkit for studies of

slowly exchanging states by presenting a 13Ca-based

experiment. The methodology is applied to study the folding

of a small 87 residue protein, the colicin E7 immunity protein

(Im7) (Capaldi et al. 2002; Papadakos et al. 2012). We dis-

cuss the reliability of extracted parameters such as the rates

of exchange and the populations of exchanging states and

evaluate the accuracy of the measured chemical shifts by

comparison with corresponding values that are obtained via

CPMG relaxation dispersion.

Materials and methods

Protein sample preparation

Isotopically enriched samples of wild-type Im7 were

expressed in protonated M9 minimal media, using 3 g/L of

[2-13C]-glucose (Lundström et al. 2007a; Hansen et al.

2008c) and 1 g/L of 15NH4Cl as the sole carbon and

nitrogen sources, respectively, and purified as described

previously (Hansen and Kay 2011). A lyophilized sample

of Im7 was dissolved in NMR buffer containing 50 mM

potassium phosphate, pH 6.6, 0.03 % sodium azide, and

100 % D2O to a concentration of 1.4 mM in protein and

used for this work.

NMR spectroscopy

2D 13Ca-CEST experiments were recorded (5 �C) on

spectrometers operating at 14.1 T and 18.8 T, equipped

with cryogenically cooled (14.1 T) and room temperature

(18.8 T) probes. A number of experimental datasets were

obtained, corresponding to weak 13Ca B1 fields of *15, 25,

and 100 Hz, as summarized in Table 1. The B1 field

strengths were calibrated by monitoring a single, on-reso-

nance signal and varying TEx (Fig. 1) according to the

procedure of Guenneugues et al. (1999). Calibrated field

strengths were found to be 15.5 (15.8), 26.7 (27.6), and

104.5 (107.3) Hz at 14.1 (18.8) T. Spectra were recorded

with acquisition parameters listed in Table 1, 15–45 min

per 2D plane, (t1,max, t2,max) & (16–18 ms, 64 ms) and

total measurement times of 1–2 days per CEST data set. A

single spectrum was recorded with TEx = 0 for each CEST

data set to estimate 13Ca R1 values of the ground state. 13Ca

CPMG relaxation dispersion data sets were acquired

(25 �C) as described previously (Hansen et al. 2008c),

using the same sample as for the CEST measurements.
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Data analysis

Spectra were processed and analyzed using the NMRPipe

suite of programs (Delaglio et al. 1995) and visualized

using Sparky (Kneller and Kuntz 1993). Very weak

decoupling sideband artifacts were observed, as described

in the text and elsewhere (Vallurupalli et al. 2012).

Because their position can be calculated accurately, we

have removed the one or two points that define these

sideband frequencies from each profile prior to analysis.

Note that this did not compromise the analysis of the data

because the positions of the sidebands did not interfere

with major or minor state dips. This was achieved by

adjusting the 1H decoupling field strength so that sidebands

appeared at frequencies larger than � jD-j from the major

state dip, as described below. Profiles were subsequently fit

to a two-site exchange model between ground (G) and

excited (E) states, G�
kGE

kEG

E, using an in-house program for

numerical fitting of the Bloch-McConnell equations

(McConnell 1958), as discussed previously (Vallurupalli

et al. 2012), that is available upon request. Fitting param-

eters include the per residue values, fI0;-G;D- ¼ -E �
-G;R1;R2;G;DR2 ¼ R2;E � R2;Gg and global parameters

Table 1 Experimental parameters for recording 13Ca CEST data sets, Im7, 5 �C using the scheme of Fig. 1

Bo (T) B1 (Hz)a TEx (ms) Scansb Complex t1 points # planesc Step size (Hz)c Total time (hours)d

14.1 15 700 4 48 101 35 30.2

25 700 4 48 101 35 30.2

100 350 8 54 42 100 28.3

18.8 15 600 4 52 181 22 56.5

25 600 4 46 111 35 30.7

100 350 8 64 55 100 42.3

a Strength (Hz) of weak 13Ca B1 field applied during TEx (see Fig. 1)
b Number of transients recorded for each FID
c Number of 2D 13C-1H planes recorded in each CEST data set; for each plane a weak B1 field is applied at a particular 13Ca frequency. In each

successive plane the position of the applied B1 field is incremented by the amount indicated (Step size, Hz)
d Net measurement time for a CEST data set

Fig. 1 Pulse sequence for the measurement of 13Ca-CEST profiles

using protein samples with selective labeling at the 13Ca position as

described in the text. Narrow and wide solid rectangles denote high

power 90� and 180� pulses, respectively. The 1H carrier is centered on

the water signal (1Ha region) while the 13C transmitter is positioned at

61 ppm (13Ca), with the exception of the interval corresponding to TEx

where the placement of the 13C carrier varies from one 2D spectrum

to the next. The 15N pulse is applied as 90x240y90x (Freeman et al.

1980), centered at 119 ppm. Delay times are sa = 1.6–1.8 ms &
1/(4JCH), sb = 1.78 ms = 1/(4JCH), d = 450 ls, and DIPSI-2 trans-

fer element (*7.5 kHz 1H and 13C fields) = 7.7 ms & 1/JCH (Shaka

et al. 1988). The weak CW B1 RF field utilized during the CEST

relaxation element (15–100 Hz) is applied for a time TEx

(350–700 ms in the present study), with 1H decoupling achieved

with a 3.6 kHz 90x240y90x sequence (Levitt 1982) as described by

Vallurupalli et al. (2012). A 2.9 kHz GARP (Shaka et al. 1985)

decoupling field is used during acquisition. All pulses are x phase

unless otherwise noted. A 4-step phase cycle is utilized with /1 = x,

-x, /2 = 2(y), 2(-y), /3 = y, /rec = -x, 2(x), -x. Quadrature

detection in the indirect dimension is achieved using an enhanced

sensitivity gradient scheme (Kay et al. 1992; Schleucher et al. 1993)

whereby both cosine and sine modulated 13Ca magnetization com-

ponents are transferred to observable magnetization via a planar-

TOCSY scheme (Sattler et al. 1999) by recording a pair of spectra for

each t1 value with (/3, g6) and (/3 ? 180�, -g6). Axial peaks are

shifted to the edge of the spectrum by incrementing /2 and /rec by

180� with each successive t1 value (Marion et al. 1989). Gradient

strengths in G/cm (lengths in ms) are: 0 = 15 (1), 1 = 20 (0.5),

2 = 30 (0.8), 3 = -8 (0.6), 4 = - 32 (1), 5 = - 20 (0.7), 6 = 30

(0.2), and 7 = 29.6 (0.1)
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kex ¼ kGE þ kEG; pEf g, where I0 is a scaling factor for each

profile, R1 is the 13Ca longitudinal relaxation rate that is

assumed the same for corresponding nuclei in ground and

excited states, R2,G is the transverse relaxation rate of a

spin in the ground state and the fractional population of the

excited state is given by pE. Previously described simula-

tions by Fawzi et al. (2011) and by our group (Vallurupalli

et al. 2012) have established that the extracted exchange

parameters as well as chemical shifts of the excited state

are little effected by differences in R1 values between

ground and excited states. Values of DR1 on the order of

2 s-1 are calculated for changes in correlation time from

*10 ns (Im7 at 5 �C, 18.8T) to 2 ns that might reflect an

order–disorder transition; even for such relatively large

changes in tumbling times the resultant CEST profiles

remain essentially unchanged, and hence the extracted

parameters and shift differences are unaffected. Of the 65

CEST profiles obtained, 12 derive from residues with large
13Ca D- values, jD-j [ 2 ppm (I22, E26, T30, F41, V42,

K43, T45, H47, T51, D52, I54, and Y55); these were

chosen to define the global parameters, Table 2. Once

determined, the global parameters were then fixed and

CEST profiles from the remaining 53 residues were fit to

extract accurate D- values. Errors in the extracted

parameters were estimated based on their covariance (Press

et al. 2007). 13Ca CPMG dispersion profiles were analyzed

as described previously (Hansen and Kay 2011).

Even from a visual inspection of the CEST profiles,

focusing on those for which jD-j [ 2 ppm, it was clear

that for some residues DR2 [ 0. Of the 12 residues con-

sidered initially, a DR2 [ 0 value was required for five

(T30, F41, V42, K43, and Y55, based on individual fits

with and without DR2), providing strong evidence of a third

conformer that is in fast exchange with the excited state

(see ‘‘Results and discussion’’). A grid search over global

parameters kex and pE was performed using the 7 residues

with large values of D- and DR2 * 0 to define the

intrinsic uncertainties in the global parameters.

Monte Carlo simulations (Press et al. 2007) were used to

investigate the effect of a third state on the obtained global

parameters. Synthetic 2-state data were generated with {kex,

pE} = {100 s-1, 1.0 %} and D- ¼ �4:0;�3:0;�2:0;f
�1:0; 1:0; 2:0; 3:0; 4:0g ppm and fitted with a model of

2-site exchange as a control. Subsequently a 3-state model,

G�
kGE1

kE1G

E1�
kE1E2

kE2E1

E2 was used in calculations with {kex,GE1, pE1,

kex,E1E2, pE2} = {100 s-1, 1.0 %, 2,000 s-1, 0.45 %},

D-G;E1 ¼ D- ¼ -E1 � -G; D-G;E2 ¼ -E2 � -G ¼ 2:5;f
2:5;�0:5; 2:0;�3:0;�1:0; 1:5;�1:0g ppm. Gaussian error

(1.3 % of the reference experiment peak intensities) was

added to each point of the CEST profiles; 1000 such data

sets were generated and each fit using the same protocol as

for the real data. For comparison with the ‘in-silico’ gen-

erated data, Monte Carlo simulations were also carried out

using the best-fit solutions to the experimental data (fits of

profiles corresponding to the 12 Im7 residues with jD-j [
2 ppm) and the experimentally determined intensity errors.

The {kex, pE} pairs obtained from all fits are plotted to

generate distributions of exchange parameters, as described

in the text.

Results and discussion

Measurement of invisible state 13Ca shifts: a strategy

There are a number of different labeling strategies suitable

for proteins that are to be studied via 13Ca-CEST. One

approach is to prepare uniformly 13C labeled proteins using

standard 13C-glucose as the sole carbon source. This has

the advantage in that all Ca positions are 13C labeled at a

level of close to 100 % but results in a number of disad-

vantages. First, for many amino acid types it is not possible

to remove the 13Ca–13Cb couplings in a straightforward

manner, necessitating the use of constant-time based

methods (Santoro and King 1992; Vuister and Bax 1992)

for recording the 13Ca chemical shift in the indirect

dimension of 2D 13C-1H correlation maps. This leads

naturally to a reduction in sensitivity, especially for

exchanging systems. In addition, the 13Ca–13CO and
13Ca–13Cb couplings lead to peak broadening of the 13Ca

correlations in the CEST dimension of the experiment (see

below) or possibly to the appearance of peak splittings that

further attenuate the signal.

A second labeling strategy is possible that exploits a

different carbon source, [2-13C]-glucose. As has been

described previously, proteins produced in this manner are

labeled with 13C at the Ca position, but for the most part

not at CO or Cb (Lundström et al. 2007a). We have shown

that the extent of labeling at Ca ranges from 20 to 40 % for

all amino acids, with the exception of Leu that is not

labeled using this procedure, while some labeling at Cb is

also observed for Ile and Val. The presence of 13Ca–13Cb

Table 2 Global exchange parameters obtained from fits of Im7

CEST profiles using subsets of the acquired data as indicated, 5 �C

Dataset kex (s-1) pE (%)

Bo (T) B1 (Hz)

14.1 15 ? 25 106.7 ± 9.3 1.041 ± 0.032

15 ? 25 ? 100 127.5 ± 5.5 0.980 ± 0.017

18.8 15 ? 25 78.2 ± 9.1 1.120 ± 0.051

15 ? 25 ? 100 140.5 ± 5.7 0.958 ± 0.020

14.1 ? 18.8 15 ? 25 100.0 ± 6.9 1.057 ± 0.026

15 ? 25 ? 100 135.0 ± 3.9 0.965 ± 0.012
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spin pairs is particularly detrimental for the CPMG class of

experiment because magnetization originating on 13Ca can

be transferred via a Hartmann-Hahn effect to coupled 13Cb

spins in a manner which depends on the rate of application

of the CPMG refocusing pulses (Ishima et al. 2004; Lun-

dström et al. 2008). By contrast, the CEST experiment is

much more forgiving, as only a very weak 13Ca B1 field

(typically 20–50 Hz) is applied during a delay that trans-

fers magnetization between exchanging states (see below).

Therefore, while additional couplings will lead to peak

broadening they will not prevent accurate measurement of

excited state chemical shifts. We have chosen to use this

labeling approach here.

Figure 1 illustrates the pulse scheme that has been

developed for recording 13Ca CEST profiles of proteins

expressed with [2-13C]-glucose. The magnetization transfer

pathway can be summarized as follows,

1Ha �!JCaHa 13Ca!CESTðTExÞ! 13Caðt1Þ �!
JCaHa 1Haðt2Þ; ð1Þ

with the scalar couplings responsible for magnetization

transfers indicated above the arrows and t1, t2 denote

evolution periods where chemical shifts are recorded.

During the CEST(TEx) period, 13Ca longitudinal magneti-

zation is perturbed through the application of a weak B1

field for a time TEx; because the magnetization of interest is

along Z and T1 [[ T2 in biomolecular systems, values of

TEx on the order of several hundreds of milliseconds can be

used, an order of magnitude longer than the CPMG inter-

val. In the event that the weak B1 field is centered on an

excited state resonance, exchange leads to attenuation of

the longitudinal magnetization from the ground state spin

and hence a decrease in its cross peak intensity in the 2D
13C-1H correlation map. A large number of such maps are

recorded with the position of the weak B1 field systemati-

cally varied over the 13Ca spectral range. Normalized

intensities of cross peaks are plotted as a function of the

position of the carrier, as illustrated below (I/Io, where

I and Io are intensities of cross peaks in spectra measured

with the chosen TEx value and TEx = 0, respectively).

Because relatively long TEx values can be selected, slowly

exchanging systems can be studied using this approach

(Fawzi et al. 2011; Bouvignies and Kay 2012a; Valluru-

palli et al. 2012; Bouvignies and Kay 2012b).

In order to maximize sensitivity, it is important to effi-

ciently decouple the 1Ha spins from 13Ca. In a typical 13C-

observe experiment 1H decoupling is most readily achieved

using a composite-pulse scheme such as WALTZ (Shaka

et al. 1983) or GARP (Shaka et al. 1985) and the very small

modulation sidebands that sometimes result are typically

not a problem. The situation is somewhat different in the

CEST experiment because small peaks that are connected

with the major resonance derived from the ground state are

amplified very considerably. For example, despite the fact

that the fractional population of the excited state, pE, may

be only 1 % that of the ground state, resonances from the

excited state are clearly observed because of the long

CEST relaxation period, TEx, during which a weak 13C B1

field is applied. When the position of such a field coincides

with a decoupling sideband, it will similarly lead to a

significant perturbation of the ground state resonance. As a

result, we have employed a 90x240y90x composite decou-

pling scheme (Levitt 1982), described previously (Vall-

urupalli et al. 2012), where the first set of (very weak)

sidebands are observed at ±0.43 B1 (in Hz) from the major

state resonance. By using a 3.5 kHz 1H field, 13C sidebands

are predicted at ±7.5 ppm from the ground state correla-

tion for measurements at 18.8T (and further for smaller

Bo), well removed from peaks derived from the excited

state even in the case of large conformational changes.

An application of the 13Ca-CEST experiment to folding

of the Im7 protein

Many proteins, including those that are relatively small and

comprise only a single domain, have been shown to fold

via intermediates that are transiently formed and only

sparsely populated (Bai et al. 1995; Capaldi et al. 2002;

Daggett and Fersht 2003; Korzhnev et al. 2004; Brockwell

and Radford 2007; Korzhnev et al. 2010). Detailed struc-

tural studies of such intermediates not only inform on basic

principles of protein folding but, in some cases, may also

provide important clues as to how proteins misfold (Chiti

and Dobson 2006; Neudecker et al. 2012). One protein that

our laboratory has been studying is the four helix bundle

Im7 that folds via an on-pathway intermediate (Capaldi

et al. 2001) and we have applied the 13Ca-CEST method-

ology presented above to this system. Figure 2a shows the
13C-1H correlation map of Im7, 18.8 T, 5 �C recorded with

the scheme of Fig. 1, TEx = 0. Notably, a significant var-

iation in cross peak intensities is observed that reflects the

different efficiencies of 13C labeling at Ca positions of

different residues (Lundström et al. 2007a). Representative

CEST profiles are shown in Fig. 2b obtained with TEX

values ranging between 350 and 700 ms and 13Ca B1 field

strengths of 15, 25 and 100 Hz, as indicated in Table 1. As

the B1 field increases, the profile dips become broader as

discussed previously (Vallurupalli et al. 2012). Also

apparent, is the fact that there can be very considerable

differences in linewidths between ground and excited state

correlations, as observed for T30 (excited state resonance

indicated by *). Indeed, differences in relaxation rates,

DR2 = R2,E – R2,G, obtained from fits assuming a two-site

exchange process, range from 0 to 800 s-1, for the 12

residues with clear minor state dips (jD-j ¼ j-E�
-Gj [ 2 ppm), with median values of 195 and 317 s-1 at

14.1 and 18.8 T, respectively. One possibility is that the
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excited state is an aggregate, however the wide distribution

of DR2 values argues against this possibility. Additionally,

CPMG dispersion profiles recorded as a function of protein

concentration are indistinguishable, suggesting that the

exchange process does not involve changes in oligomeri-

zation state. 13Ca DR2 values obtained from fits of CEST

profiles recorded at 14.1 and 18.8 T are highly correlated

with a slope of ca. 16/9 that is predicted in the case of fast

chemical exchange (see Supporting information). This

suggests that there is an additional exchange process

involving a second excited conformer, E2, (G�
kGE1

kE1G

E1�
kE1E2

kE2E1

E2)

that is much faster than the G !E1 interconversion, giving

rise to a single and often significantly broadened dip for each

excited state 13Ca. Note that the relative order of E1 and E2

in the above scheme is not known based on our limited data.

In an effort to understand how the additional exchange

process influences extracted rates and populations from fits of

CEST data to a 2-site exchange model that includes a DR2

term, we have carried out a number of Monte Carlo simula-

tions using parameters described in ‘‘Materials and methods’’.

As expected, if the process is truly 2-site exchange, G�
kGE

kEG

E,

then fits of CEST data produce accurate values of pE and

kex = kGE ? kEG, Fig. 3a. Moreover, the extracted values are

independent of what B1 fields are used to record the data, as

expected (compare blue and red in Fig. 3, corresponding to

B1 = {15, 25} Hz and B1 = {15, 25, 100} Hz, respectively).

In the limiting case where the exchange between E1 and E2

becomes very fast the exchange process can again be well

modeled by a 2-site interconversion with an effective popu-

lation of the excited state given by pE1 ? pE2 and an effective

exchange rate that is less than kGE1 ? kE1G. In the general

case, if a 2-site exchange model is used to fit 3-site exchange

data, the obtained exchange parameters are a function of the

B1 fields used, Fig. 3b. Of interest, for the simulations con-

sidered here (see ‘‘Materials and methods’’ for details) we find

that as data from larger B1 fields are included the populations

and rates move more closely to those characterizing the

G�
kGE1

kE1G

E1 portion of the 3-site exchange reaction. We have

fitted our experimental data focusing on all residues with

jD-j [ 2 ppm to a 2-site model and obtained the pE; kexf g
distribution shown in Fig. 3c that is very similar to what is

generated with the ‘in-silico’ 3-site exchange data of Fig. 3b.

The extracted exchange parameters for the various combi-

nations of data obtained at different Bo and 13Ca B1 fields are

summarized in Table 2 showing the same trends as observed

in our simulations. This provides further evidence that indeed

the exchange process observed in the Im7 protein is more

complex than 2-state.

In order to extract accurate exchange parameters, a 3-

site exchange model must be used. Indeed, we have tried

such an approach. However, the recorded 13Ca CEST data

sets are not of sufficiently high signal-to-noise to extract

robust exchange parameters even in fits including data sets

Fig. 2 a 2D 13C-1H spectrum of Im7, 18.8 T, 5 �C recorded with the

scheme of Fig. 1 and TEx = 0. Peak assignments are indicated.

b Representative CEST profiles for T30 (top) and Y55 (bottom). From

left to right are traces recorded with 13Ca B1 fields of 15, 25, and 100 Hz,

as indicated. Additional experimental details are provided in the text

and in Table 1. The solid line represents the best-fit solution obtained as

described in ‘‘Materials and methods’’. The dip corresponding to the

minor state for T30 is indicated by an asterisk for clarity
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recorded with different B1 values. Errors in I/Io values,

quantified as the rmsd of intensities in regions of the

CEST profiles for which there are no dips are approxi-

mately ±1.4 % of Io. That is a factor of 4 larger than

errors from 15N-CEST profiles recorded on the A39G FF

domain which folds via an on-pathway intermediate (Je-

mth et al. 2004; Korzhnev et al. 2010) and for which

accurate parameters could be extracted from a 3-state fit

(unpublished results). As a next best approach we have

fitted 7 residues for which DR2 * 0 s-1 and jD-j [ 2

ppm to a 2-site exchange model, with the reduced v2

surface plotted as a function of kex (y-axis) and pE (x-axis)

in Fig. 4a. It is clear that kex and pE are correlated and that

a reasonably broad minimum is obtained. This is made

clear by the profiles shown in Fig. 4b, c where values of

{pE, kex} from points b and c in Fig. 4a have been used in

the respective fits. Very similar fits are obtained using

both sets of parameters. It is worth noting that despite the

large number of offsets measured per CEST profile, the

exchange parameters are defined by a small number of

points surrounding the excited and ground state correla-

tions so that high signal-to-noise data is required to obtain

accurate exchange parameters (errors on the order of

±0.5 % of Io).

In our experience, more accurate values of exchange

parameters can be extracted from 15N-CEST data and we

recommend using this experiment for characterizing the

kinetics and thermodynamics of slow exchange processes.

Simulations that we have performed, in support of our

empirical observations from fits of experimental data

described above, indicate that the major limitation with

extracting robust exchange parameters (at least for 2-site

exchange) is adequate signal-to-noise of the measured

data. Unlike the 13Ca labeling scheme used here, with 13C

incorporation at levels ranging between 20–40 % for most

residues, 15N-labeled protein samples can be generated

with very high levels of enrichment, leading to higher

sensitivity spectra. Further increases in sensitivity arise in

the 15N-CEST experiment because of narrower 15N line-

widths that reflect differences in the relative strengths of
13Ca–1Ha and 15N–1HN dipolar interactions (*2:1).

Because our main interest in the 13Ca-CEST experiment

is in obtaining excited state chemical shifts as a first step

in structural studies, we were particularly interested in

Fig. 3 Monte Carlo simulations (Press et al. 2007) using synthetic

2-state (left) and 3-state (center) data sets derived from computations

using parameters indicated in ‘‘Materials and methods’’. 1000 data

sets are constructed that are subsequently fit to a 2-site exchange

model to produce the {pE, kex} distributions shown. An additional

Monte Carlo simulation was also performed using the best-fit

solutions to the experimental data (fits of profiles corresponding to

the 12 Im7 residues with jD-j [ 2 ppm) and the experimentally

determined intensity errors. The {pE, kex} distribution so obtained is

plotted in the panel on the right. Distributions colored blue result from

fits of data sets with 13Ca CEST fields of 15 and 25 Hz; in red an

additional data set corresponding to a field of 100 Hz is included in

the analysis
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establishing whether uncertainties in {pE, kex} would

degrade the quality of the extracted D- values. Figure 5a

presents a linear correlation plot of D- from fits of a pair of
13Ca-CEST data sets recorded with B1 = 15, 25 Hz at 14.1

T (y-axis) versus corresponding values obtained by fitting

data sets recorded with B1 = 15, 25, 100 Hz, at 14.1 and

18.8 T. It is clear that an excellent correlation is obtained,

with a pair wise rmsd of 0.02 ppm for residues with

jD-j [ 0:8 ppm. For values of jD-j less than *0.8 ppm

there is significant overlap between the major and minor

state dips and shift differences are expectedly less well

determined, however the correlation is still very high; an

rmsd of 0.12 ppm is obtained when all residues are con-

sidered. In order to evaluate the accuracy of the extracted

shifts we have compared them with those obtained from fits

of CPMG dispersion profiles recorded under conditions

where the exchange rate lies within the region most sen-

sitive for this technique (kex * 1,000 s-1, 25 �C). Fig-

ure 5b shows that a high correlation is obtained, with small

deviations in shifts likely reflecting the different tempera-

tures that were used in recording the two types of data

(5 �C, CEST vs 25 �C, CPMG). The rmsd of 0.28 ppm is

well under the predictive power for chemical shifts of

the 13Ca carbon using state-of-the-art programs such as

SPARTA? (*0.9 ppm). Note that an rmsd of 0.28 ppm

reflects errors in both CPMG and CEST data, and hence is

an upper bound to the uncertainty of CEST excited state

chemical shifts.

Concluding remarks

We have presented a new CEST-based experiment for

studying slowly exchanging protein systems with rates on

the order of 100 s-1. The method makes use of 13Ca probes,

introduced using [2-13C]-glucose as the sole carbon source

in protein expression systems to minimize 13Ca–13C cou-

plings. As expected, the sensitivity of the 13Ca-CEST

experiment is reduced relative to the 15N-scheme (errors in

data approximately 4 fold larger) that influences the quality

of the extracted exchange parameters. Nevertheless, accu-

rate 13Ca chemical shift values of the excited state are readily

obtained from data recorded at only a single static magnetic

field strength. Given the sensitivity of this class of chemical

shift to protein secondary structure and, therefore, the value

of 13Ca restraints for the structure determination of excited

protein conformers, it is expected that the presented 13Ca-

CEST experiment will assume an important role in studies of

rare, but biologically significant, protein conformations.

Supporting information available

One figure showing a linear correlation of 13Ca DR2 values

measured for Im7 (5 �C) from fits of CEST data recorded

at 14.1 and 18.8 T, one table of 13Ca jD-j values for the

Im7 protein, along with pulse sequence code for the

scheme of Fig. 1.

Fig. 4 a Reduced v2 surface generated from 2-state fits of Im7 13Ca

CEST profiles of the 7 residues with jD-j [ 2 ppm and DR2 * 0

(i.e., fits did not improve by including DR2). Contours are labeled

with their respective reduced v2 value. The best reduced v2 is found

for pE = 1.0 % and kex = 120 s-1. In b and c are representative fits

to CEST data (14.1 T, 25 Hz B1) from T45 (top) and D52 (bottom)

using the exchange parameters corresponding to points (b) and

(c) indicated on the v2 surface in (a)
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