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Abstract A new pulse sequence is presented for the

measurement of relaxation dispersion profiles quantifying

millisecond time-scale exchange dynamics of side-chain

carbonyl groups in uniformly 13C labeled proteins. The

methodology has been tested using the 87-residue colicin

E7 immunity protein, Im7, which is known to fold via a

partially structured low populated intermediate that inter-

converts with the folded, ground state on the millisecond

time-scale. Comparison of exchange parameters extracted

for this folding ‘reaction’ using the present methodology

with those obtained from more ‘traditional’ 15N and

backbone carbonyl probes establishes the utility of the

approach. The extracted excited state side-chain carbonyl

chemical shifts indicate that the Asx/Glx side-chains are

predominantly unstructured in the Im7 folding intermedi-

ate. However, several crucial salt-bridges that exist in the

native structure appear to be already formed in the excited

state, either in part or in full. This information, in concert

with that obtained from existing backbone and side-chain

methyl relaxation dispersion experiments, will ultimately

facilitate a detailed description of the structure of the Im7

folding intermediate.

Keywords CPMG � Relaxation dispersion � Im7 �
Side-chain carbonyl groups � Excited protein states

Introduction

Proteins are not static entities, often exchanging between

different conformations that are important for biological

function (Karplus and Kuriyan 2005). As such, knowledge

of the structural and functional properties of these different

conformational states is critical. Uncovering these details,

however, is often thwarted by the fact that many of the

interconverting states are populated only transiently and at

low levels so that they are invisible to ‘traditional’ struc-

tural biology techniques (Baldwin and Kay 2009; Boehr

et al. 2006; Fraser et al. 2009). Further, in most cases it is

not possible to trap these conformations in a form where

they can be studied directly. Thus, little detailed structural

and motional data is presently available for these rare

(excited) conformational states. The situation is changing,

however, with the development of Carr-Purcell-Meiboom-

Gill (CPMG) relaxation dispersion NMR methods that are

sensitive to exchange processes occurring in the millisec-

ond (ms) time window (Hansen et al. 2008b; Palmer et al.

2001). So long as the exchange kinetics are in the slow to

intermediate regime and fractional populations of excited

states are on the order of 0.5% or larger, CPMG relaxation

dispersion profiles can be fitted to extract exchange rates

and relative populations of interconverting states and, most

importantly, absolute values of differences in chemical

shifts between ground (-G, ppm) and excited -Eð Þ con-

formers (Korzhnev et al. 2004; Palmer et al. 2001). Values

of jD-j D- ¼ -E � -Gð Þ can subsequently be recast in

terms of the chemical shifts of the excited state,

-E ¼ D-þ -G, so long as the sign of D- is known from
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separate experiments (Auer et al. 2009; Bouvignies et al.

2010; Skrynnikov et al. 2002).

Relaxation dispersion methods are now available for

measuring 15N (Hansen et al. 2008a; Loria et al. 1999;

Tollinger et al. 2001), 1HN (Ishima and Torchia 2003;

Orekhov et al. 2004), 13CO (Ishima et al. 2004; Lund-

strom et al. 2008), 13Ca (Hansen et al. 2008c) and 1Ha

(Lundstrom et al. 2009) backbone chemical shifts in

excited protein states. Such chemical shifts serve as

powerful restraints for structure determination of these

elusive conformers, especially when used in concert with

computational database approaches such as CS-Rosetta

(Shen et al. 2009), Cheshire (Cavalli et al. 2007) or

CS23D (Wishart et al. 2008). As an example, our labo-

ratory has recently published the structure of a low pop-

ulated folding intermediate based on chemical shifts and

orientational restraints that were obtained from a variety

of different relaxation dispersion approaches (Korzhnev

et al. 2010).

With robust experiments for measurement of backbone

chemical shifts in excited protein states now available, at

least for applications to small proteins, we have become

interested in developing approaches for using side-chain

probes in studies of low populated conformers. In this

regard, experiments for exploiting methyl groups have

been in use for over a decade (Skrynnikov et al. 2001),

with improvements that increase their sensitivity pub-

lished more recently (Lundstrom et al. 2007). Pulse

schemes have also been developed for measuring 15N

CPMG dispersion profiles of side-chain NH2 groups of

Asn/Gln (Mulder et al. 2001) and of NH3
? moieties of

Lys (Esadze et al. 2011). Another attractive probe is the

side-chain carbonyl group of Asx/Glx residues since

extracted D- values may reflect changes in electrostatic

interactions brought about by structural rearrangements in

the exchanging states that would be of importance to

quantify. Asx/Glx residues comprise slightly more than

20% of the amino acids in a ‘typical’ bacterial protein

(Gerstein 1997), encouraging the development of CPMG

dispersion experiments that are focused on their side-

chains. Herein we present a pulse scheme for simulta-

neous measurement of Asx/Glx side-chain carbonyl

CPMG dispersion profiles in proteins and apply the

methodology to the colicin E7 binding immunity protein,

Im7. This small (87 amino acid) four helical bundle

protein (Capaldi et al. 2002, 2001) has been shown pre-

viously to fold via an on-pathway intermediate that has

been characterized by a variety of biophysical techniques.

Most important for the present application is the signifi-

cant number of Asx (13) and Glx (13) residues (30% of

amino acids), suggesting that side-chain carbonyl moieties

will be an excellent probe of the excited state folding

intermediate in this system.

Materials and methods

Protein sample preparation

Isotopically enriched samples of the wild-type Im7 protein

were expressed using a pTrc99-A (Pharmacia) based

expression vector (Le Duff et al. 2006) with BL21-

CodonPlus(DE3)-RIL competent cells (Stratagene). The

cells were grown in M9 minimal media using 1 g/L of
15NH4Cl and 3 g/L of U-1H,13C-glucose as the sole nitro-

gen and carbon sources, respectively, using chloramphen-

icol and carbenicillin antibiotics. The cells were grown at

37�C to an OD of 0.8–1.0 before induction with 1 mM

IPTG and protein expression was allowed to continue

overnight at room temperature with a final OD between 2.5

and 3.0. Cells were pelleted at 6,000 g for 20 min and

resuspended in *25 mL of lysis buffer (50 mM Tris pH

7.5, 50 mM KCl, 1 mM EDTA, DNase I, lysozyme, and a

protease inhibitor cocktail tablet, EDTA-free (Roche))

before storing at -20�C overnight. Subsequently the cells

were thawed, lysed using a homogenizer and pelleted at

30,000 g for 20 min. Im7 was purified from the supernatant

by anion exchange chromatography (GE Healthcare

HiTrap Q XL) followed by buffer exchange into 50 mM

potassium phosphate pH 7.0, 150 mM KCl and gel filtra-

tion (GE Healthcare Hiload 10/60 Superdex 75 pg). The

collected fractions were concentrated and exchanged into

NMR buffer (50 mM potassium phosphate, pH 6.6, 0.02%

azide) that was either 100% D2O or 95% H2O/5% D2O.

Samples used in the present studies were 1.4 mM in

protein.

NMR spectroscopy

Side-chain carbonyl group relaxation dispersion data sets

were recorded at static magnetic fields of 11.7 and 18.8 T

using the pulse scheme of Fig. 1. Notably, a doubly band-

selective constant adiabaticity WURST-8 decoupling

scheme (Kupce and Freeman 1996; Kupce and Wagner

1996) was used to eliminate polarization transfer to Asx Ca

or Glx Cb nuclei while still allowing simultaneous collec-

tion of Asx Cc and Glx Cd CPMG dispersion data. Data

sets (25�C) were obtained with 16 (18) mCPMG values

(Trelax = 40 ms) ranging from 25 to 900 Hz (25–1,100 Hz)

at 11.7 (18.8) T, including three mCPMG repetitions for error

analysis. Each 2D spectrum (11.7 T) was recorded with (90,

512) complex points in (t1, t2), corresponding to acquisition

times of (75 ms, 64 ms), and a delay between scans of 2.0 s,

for a net measurement time of 50 min. Data sets obtained at

18.8 T comprised (100, 512) complex points, acquisition

times of (52 ms, 64 ms), and were recorded with a relaxa-

tion delay of 2.0 s and an acquisition time of 58 min/spec-

trum. Similar acquisition parameters were obtained for data

348 J Biomol NMR (2011) 50:347–355

123



recorded at 10�C but with Trelax = 30 ms. In addition to the

side-chain carbonyl experiments backbone 15N and 13CO

relaxation dispersion profiles were recorded using pulse

schemes and acquisition parameters as described previously

(Hansen et al. 2008c).

NMR data were processed and analyzed using the

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

Sparky (Goddard and Kneller) with peak volumes extracted

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

software.html). CPMG dispersion profiles were fit to a two-

site exchange model, A !kAB

kBA

B, as described previously

(Hansen et al. 2008c) using in-house written software,

CATIA (http://pound.med.utoronto.ca/software.html). While

the Im7 folding mechanism is known to be three-state

(Whittaker et al. 2007), experimental conditions in our dis-

persion studies have been chosen to minimize the influence of

the unfolded state such that its population cannot be detected.

This is rigorously assessed in terms of the quality of fits and

the uniformity of per-residue exchange parameters across the

protein, enabling extraction of accurate exchange parameters

and chemical shifts from data analysis involving the simplest

of exchange models.

To obtain accurate excited state chemical shifts, dis-

persion profiles were first fitted on a per-residue and per-

nucleus basis to extract kex = kAB ? kBA, the population of

the minor state, pB, jD-j and R2,?, the intrinsic transverse

relaxation rate in the absence of exchange. Those residues

with jDxj=kex [ 0:5 (at both 11.7 and 18.8 T; Dx in rad/s)

and where Rex ¼ Reff
2 mCPMG ! 0ð Þ � Reff

2 mCPMG !1ð Þ �
papbkexDx2

paDx2þk2
ex

(Ishima and Torchia 1999; Millet et al. 2000) is

greater than 0.2R2,? were retained for global analysis (all

data fitted together) to obtain the ‘best’ (kex, pB) parame-

ters. Overall, 12 (8) side-chain carbonyl dispersions were

used to define the global parameters from the data recorded

Fig. 1 Pulse sequence for recording Asx/Glx side-chain carbonyl

CPMG relaxation dispersion profiles in uniformly 13C-labeled

proteins. The 1H carrier is centered on the water signal while the
13C transmitter is positioned at either 38.5 ppm (aliphatic 13Cb/c) or

181 ppm (13CO), with the exception of the shaped pulses (indicated

with ‘c’) in the JCO,CO refocusing element that are selective for the
13Ca region of the spectrum and centered at 56 ppm. Narrow and wide
vertical bars denote 90� and 180� rectangular pulses, respectively, of

phase x unless indicated otherwise. 1H and 15N pulses are delivered

with the maximum power available, while 13C rectangular pulses are

applied with a power of DX/H15 (90�) or DX/H3 (180�) where DX
equals 142.5 ppm. Shaped pulses ‘a’ and ‘c’ are of the REBURP

variety (Geen and Freeman 1991), with durations of 2.4 (1.5) ms at

11.7 (18.8 T). Shaped pulses labeled ‘b’ are optimized for refocusing

the carbonyl region of the spectrum while minimally perturbing

aliphatic 13C spins (Lundstrom et al. 2008) and are applied with

lengths of 450 (11.7 T) or 380 (18.8 T) ls. Shaped pulses on the 1H

channel are water selective 90� pulses (used only for samples in H2O

solvent) and have a length of *1.4 ms. The square blocks labeled

Da/Eb are band-selective constant adiabaticity WURST-8 decoupling

schemes to eliminate polarization transfer to Asx Ca or Glx Cb nuclei

(Kupce and Freeman 1996; Kupce and Wagner 1996). The decou-

pling elements are centered at 55.0 (Ca) and 28.25 (Cb) ppm, with

bandwidths of 10.0 and 4.5 ppm, respectively, and are applied with

maximum B1 fields of 0.5 (0.6) kHz at 11.7 (18.8 T). The (asterisk) in

the center of the t1 evolution period indicates the position of a single
15N 180� pulse centered at 119 ppm to refocus evolution from side-

chain 1JCcNd and 1JCdNe couplings. (Double-daggers) are used to

indicate Bloch-Siegert compensation pulses (Vuister and Bax 1992).

Delay times are sa = 1.85 ms & 1/(4JCH), sb = 4.9 ms & 1/

(4JCCO), sc = 4.9 ms & 1/(4JCCO), sd = 9.8 ms & 1/(2JCCO),

seq = 3 ms C (2 - 3)/kex. The value Trelax (= 4nscp) is chosen such

that approximately 1/2 of the signal has decayed relative to n = 0

(30–40 ms for the applications considered here). When the refocusing

element is (is not) used n can be any (an even) integer. The phase

cycling used is /1 = x,-x, /2 = 2(x),2(-x), /3 = 4(y),4(-y),

/4 = y,-y, /14 = x,-x, /rec = x,-x,-x,x,-x,x,x,-x. Quadrature

detection is obtained by incrementing /2 and /rec according to the

TPPI-States format (Marion et al. 1989). Gradient strengths in G/cm

(lengths in ms) are: 0 = 8 (0.5), 1 = 10 (0.25), 2 = 50 (1.0), 3 = 16

(0.5), 4 = 16 (0.25), 5 = 20 (0.35), 6 = 20 (0.7), 7 = 12 (0.4),

8 = 12 (0.2), 9 = 28 (0.3), 10 = 24 (0.2), 11 = 6 (0.3), 12 = 13

(0.4). The pulse scheme can also be used to record backbone carbonyl

CPMG relaxation dispersion profiles. 13Cb/c and 13CO carriers are set

to 56 ppm and 176 ppm, respectively, and DX = 120 ppm. The

decoupling elements between a, b and g, h are centered at 27.5 ppm

with a 25 ppm bandwidth and with maximum B1 field of 0.4 (0.5) kHz

at 11.7 (18.8) T
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at 25�C, D2O (10�C, 95% H2O/5% D2O). Using the opti-

mal values for (kex, pB) every dispersion profile was then

fitted to extract jD-j. Errors in shift differences were cal-

culated as the standard deviation of values extracted from

fits of 1,000 bootstrap simulations (Press et al. 1988) of

each dispersion profile. Inspection of these distributions

showed them to be Gaussian. Values of jD-j from the

bootstrap simulations that were less than 0.01 ppm or

greater than 5 ppm were excluded as they indicate poor fits

of the simulated side-chain carbonyl dispersion data that

would skew the error estimate.

Results and discussion

Figure 1 illustrates the pulse scheme that has been devel-

oped for measurement of 13C CPMG dispersion profiles

from Asx/Glx side-chain carbonyl groups in U-[13C]-

labeled proteins. The similarity of 13Cb/13Cc chemical

shifts for Asx/Glx, as well as the corresponding 13Cc/13Cd

shifts for these residues, is exploited to record dispersion

profiles for all four amino acids (Asp, Asn, Glu, Gln)

simultaneously using a pulse scheme that is similar to

previously developed HCCO sequences (Kay 1993).

Neglecting pulse imperfections and relaxation and high-

lighting only the magnetization components that contribute

to observable signal, the transfer pathway can be summa-

rized as follows:

H
j
TR�!

JHC
2H

j
ZC

j
TR�!

JC jCO
4HZC

j
ZCOk

TR�!
JC jCO

2HZCOk
TR t1;CPMGð Þ

�!
JC jCO

4HZC
j
ZCOk

TR�!
JC jCO

2H
j
ZC

j
TR�!

JHC
H

j
TR t2ð Þ
ð1Þ

In (1) XTR is transverse magnetization of spin X (1Hj, 13Cj

or side-chain 13COk), j = b (c), k = c (d) for Asx (Glx) and

the arrows denote the relevant transfer steps that proceed

via the scalar couplings indicated. Despite the fact that the

sequence consists of simple transfer elements it is never-

theless worth pointing out the essential features that are

critical to the robustness of the methodology. First, the

transfer of magnetization is unidirectional, that is from
13Cb ? 13Cc (Asx) or 13Cc ? 13Cd (Glx). This is achieved

through the application of band selective decoupling (Ku-

pce and Wagner 1996) of 13Ca (Asx) and 13Cb (Glx) spins

between points a, b and g, h (see legend to Fig. 1) so that

only the 13Cb–13Cc (Asx) or 13Cc–13Cd (Glx) couplings are

active. In the case of the Im7 system considered here this

decoupling scheme increases the sensitivity of the experi-

ment twofold. Second, we have found it necessary to

refocus side-chain 13CO magnetization that is anti-phase

with respect to the directly coupled 13C spin prior to the

CPMG element (between points c, d of Fig. 1). Failure to

do so results in significant artifacts in dispersion spectra,

despite the fact that the CO refocusing pulses applied

during the CPMG interval (labeled ‘b’ in Fig. 1) are

selective for this region of the spectrum and simulations

that include both the carbonyl and adjacent carbon spin

indicate that the aliphatic carbon should not be affected by

the pulses. The origin of the problem is not clear at present.

Third, the central pulse in the CPMG element, applied with

a phase orthogonal (/4) to the remaining refocusing pulses,

ensures that spurious magnetization created due to pulse

imperfections in the first half of the CPMG interval is

refocused by the end of this duration (Hansen et al. 2008a;

Vallurupalli et al. 2007). Finally, for applications involving

Asx residues we have modified the main sequence of Fig. 1

by including a ‘JCO,CO refocusing element’ in the middle of

the standard CPMG scheme. As described previously in

some detail this scheme refocuses evolution due to three-

bond scalar couplings connecting the side-chain carbonyl

and backbone carbonyl carbons that can occur during the

CPMG relaxation element (Lundstrom et al. 2008). Such

evolution can lead to significant artifacts in the resultant

dispersion profiles (Ishima et al. 2004; Lundstrom et al.

2008; Mulder and Akke 2003), as illustrated below for

Im7. Additional couplings involving the side-chain car-

bonyl and aliphatic spins are refocused efficiently by the

band selective pulses of the CPMG element and are not a

concern in the present application.

It is worth indicating, however, that in the design of our

pulse scheme we have not compensated for the differences

in relaxation of in-phase and anti-phase components of
13CO magnetization that evolve during the CPMG period

(Loria et al. 1999). For the Trelax and mCPMG values used in

our experiments such effects are expected to be small and

this has been verified through simulations that include

experimentally measured estimates for the differential

relaxation rates. We have also exploited the pH depen-

dence of the population of the Im7 excited state to rigor-

ously test that this is in fact the case. At pH 8.0 the excited

state population is significantly reduced in comparison to

pH 6.6 (where the majority of our experiments are con-

ducted) so that flat dispersion curves would be anticipated

for many of the residues in the absence of artifacts. For the

majority of dispersion profiles we observe a small but

systematic increase in R2
eff(25 Hz) relative to the remaining

relaxation rates, R2
eff(mCPMG), with R2

eff(25 Hz) - R2
eff(?)

*1.4 ± 0.3 s-1 (25�C, 11.7 T) that results from scalar

coupled evolution of CO magnetization with the directly

attached 13Cb (Asp) or 13Cc (Glu) spin. Such increases are

consistent with measured Asx/Glx 13Cb/c R1 values of

*4 s-1 for Im7 (that approximates the difference in

relaxation rates between in-phase COTR
k and anti-phase

2CZ
j COTR

k magnetization). Values of R2
eff(50 Hz) - R2

eff(?)

are on the order of 0.7 ± 0.2 s-1, on average, while
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R2
eff(75 Hz) - R2

eff(?) *0.4 ± 0.3 s-1, so that differential

relaxation influences primarily only the first point in each

curve. Differences in in-phase/anti-phase relaxation rates

will decrease as the measurement field strength and molec-

ular size increase since for a rigid 13C spin with relaxation

dominated by 1H-13C dipolar interactions, R1 rates scale as

1= x2sCð Þ in the macromolecular limit, where x is the reso-

nance frequency and sC is the overall tumbling time. These

effects will also decrease as the duration of the CPMG

relaxation element (Trelax) becomes smaller, that will be

necessary for applications involving medium sized proteins.

Artifacts of this sort are thus not expected to introduce sig-

nificant errors into extracted exchange parameters or jD-j
values. Indeed, that this is the case is shown below where

very similar (kex, pB) values are derived from independent fits

of side-chain 13CO and backbone 15N dispersion profiles

recorded on the same sample.

The 2D 13Cc/d-1Hb/c correlation map of U-[13C] Im7

recorded with the scheme of Fig. 1 (Trelax = 0), 25�C, 18.8

T, is shown in Fig. 2. Correlations for Asn and Glu fall in

distinct regions of the spectrum and although resonance

positions for Asp and Gln are more similar, in the case of

the small Im7 protein all of the expected correlations are

well resolved and can be quantified in CPMG dispersion

experiments. Representative examples of dispersion pro-

files, R2
eff versus mCPMG = 1/(4sCP), where 2sCP is the time

between centers of successive refocusing pulses, are shown

in Fig. 3. Data (circles) are recorded over a range of mCPMG

values between 25 and approximately 1 kHz at static

magnetic field strengths of 11.7 T (red) and 18.8 T (blue)

using the pulse scheme of Fig. 1 in the absence of JCO,CO

refocusing. The resultant dispersion profiles were fitted

simultaneously to a model of two-site exchange with

kex = 737 ± 22 s-1 and a population of the minor state,

pB, of 2.07 ± 0.06%, 25�C, pH 6.6, 100% D2O (solid lines

in Fig. 3). Extracted values of jD-j are listed in the upper

right hand corners of the panels of Fig. 3; random errors in

shift differences are on the order of 2–4%, even for the

weakest resonances, such as Glu 46 (Fig. 2, top). As a

means of cross-validation we have used the scheme of

Fig. 1 to record dispersion profiles of the backbone car-

bonyl carbons of Im7 (see figure legend) and the exchange

parameters so obtained, (kex, pB) = (721 ± 24 s-1,

2.13 ± 0.05%), are in excellent agreement with the

Fig. 2 2D 13Cc/d-1Hb/c correlation map of U-[13C] Im7 recorded with

the scheme of Fig. 1 (Trelax = 0), 25�C, pH 6.6, D2O solvent, 18.8 T.

Assignments were obtained from a modified (HB)CBCACO(CA)HA

triple-resonance experiment (Kay 1993)

Fig. 3 Representative side-chain 13CO CPMG relaxation dispersion

curves measured on Im7 at 25�C, pH 6.6, D2O without the JCO,CO

refocusing element. Solid lines indicate the best-fit of the data

(circles) to a global two-site exchange model. Numbers in insets
indicate fitted jD-j values for each residue. Red and blue data points

correspond to experiments recorded at 11.7 and 18.8 T, respectively.
3JCO,CO for Asp 62 is \1 Hz since the Cc—backbone CO torsion

angle for this residue is approximately 50� (Dennis et al. 1998)
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corresponding parameters fitted from the side-chain data,

providing confidence in the methodology. Finally, it is

worth noting that when the backbone and side-chain CO

dispersion data were fitted simultaneously to a two-site

exchange model the global v2
red value increased by only

approximately 10% relative to the corresponding value

obtained from summing over v2 values generated from per-

residue fits, in strong support of the assumption of a two-

state exchange mechanism.

The dispersion profiles of the side-chain carbonyl of Asp

62 in Fig. 3 were measured without the JCO,CO refocusing

element of Fig. 1. From the X-ray structure of the Im7

protein (Chak et al. 1996; Dennis et al. 1998) the Asp 62 Cc

and backbone CO carbons are gauche with respect to each

other (dihedral angle of 50�) so that a small three-bond

scalar coupling, JCO,CO, is predicted for this residue

(*0.5 Hz, Hu and Bax 1996). Artifacts in dispersion

profiles due to evolution from 3JCO,CO would thus not be

expected and are not observed in this case. By contrast,

Asp 49 and Asn 26 are predicted to have large couplings

(trans Cc—backbone CO torsion angles corresponding to

couplings of *4 Hz, Hu and Bax 1996) so that significant

distortions to the R2
eff(mCPMG) curves are anticipated in the

absence of the refocusing element. Figure 4 shows that this

is indeed the case, in particular for Asp 49, and that further,

the refocusing element is effective at removing net evo-

lution from these three-bond couplings.

Figure 5a presents a correlation plot of jD-j values for

Glx residues measured using the pulse scheme of Fig. 1

with (Y-axis) and without (X-axis) the JCO,CO refocusing

element. As expected an excellent correlation is obtained

since the band selective pulses refocus evolution from all
13C-13C homonuclear couplings during the CPMG element

with the exception of 4JCO,CO that is negligibly small. A

refocusing element is thus not needed. By contrast, the

corresponding agreement is less good for Asx residues,

Fig. 5b, since trans Cc—backbone CO torsion angles are

calculated from the X-ray structure (Chak et al. 1996;

Dennis et al. 1998) for the majority of cases (10 of 13) and
3JCO,CO is significant (3–5 Hz) (Hu and Bax 1996). This

leads to artifacts in profiles and hence errors in extracted

parameters in cases where the 3JCO,CO coupling is not

refocused.

The kinetics and thermodynamics of Im7 exchange are

sensitive to solution conditions and this has been exploited to

further cross-validate the methodology. Asx/Glx side-chain

carbonyl dispersion profiles have been recorded (scheme of

Fig. 1) on an Im7 sample in 95% H2O/5% D2O solvent,

10�C, that shifts the populations and rates, (kex, pB) =

(309 ± 40 s-1, 1.62 ± 0.14%), from values obtained at

25�C, 100% D2O (see above). Backbone amide dispersions

have also been measured and the data fitted to yield (kex,

pB) = (314 ± 11 s-1, 1.59 ± 0.04%), in excellent agree-

ment with the side-chain data. Figure 5c compares side-

chain carbonyl jD-j values for Asx/Glx residues obtained

from fits of dispersions recorded in D2O, pH 6.6, 25�C (Y-

axis) and 95% H2O/5% D2O, pH 6.6, 10�C (X-axis). A strong

correlation is obtained and the slight differences

(RMSD = 0.12 ppm) are in keeping with what has been

noted when 15N or 1HN jD-j values obtained from data

measured at different temperatures and/or pH values are

compared. As a final test of the robustness of the

Fig. 4 Comparison of Asx

side-chain CO CPMG

relaxation dispersion profiles

recorded on Im7 (25�C, pH 6.6,

D2O) without (left) and with

(right) the JCO,CO refocusing

element. Solid lines are best-fits

of data recorded at 11.7 (red)

and 18.8 (blue) T to a global,

two-site exchange model. Insets
indicate the fitted jD-j value for

each residue. The Cc—

backbone CO torsion angles for

Asn 26 and Asp 49 are trans

(165� and 155�, respectively)

(Chak et al. 1996; Dennis et al.

1998), leading to large 3-bond

scalar couplings JCO,CO (Hu and

Bax 1996) and hence substantial

artifacts in dispersion profiles

recorded without the refocusing

element (Ishima et al. 2004;

Lundstrom et al. 2008)
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methodology we have correlated backbone carbonyl shift

differences extracted from the scheme of Fig. 1 (25�C, D2O,

pH 6.6) with those obtained from a previously published

HNCO-based experiment (Lundstrom et al. 2008) recorded

at 10�C, using 95% H2O/5% D2O solvent, pH 6.6 and a very

high level of agreement is obtained. It is noteworthy that the

RMSD between jD-j values measured by the two different

approaches is close to a factor of 7 better than the accuracy of

carbonyl chemical shift predictions from structure using

state of the art programs (Shen and Bax 2010).

In Fig. 6 the jD-j values obtained for the 26 side-chain

carbonyl groups of Im7 are color coded on the crystal

structure of Im7 (Dennis et al. 1998). As expected, the largest

chemical shift changes occur proximal to helix 3 which is

known to be unfolded in the folding intermediate (Gorski

et al. 2004). In addition, large shift differences are noted for

Glu 25 and Asn 26 at the C-terminal end of helix 1. A

hydrogen bond is observed between Asn 26 and Tyr 55 in

helix 3 in the ground state crystal structure, so that the large

jD-j for Asn 26 suggests that this interaction is weakened or

eliminated in the excited state. Signs for ten D- values above

0.35 ppm could be confidently obtained by comparing car-

bonyl resonance positions at 11.7 and 18.8 T (Skrynnikov

et al. 2002). For eight of the ten values -E is closer to the

random coil value (Glu *183.5 ppm, Asp *180.0 ppm,

Gln *180.0 ppm, Asn *177.0 ppm) (Tollinger et al.

2005; Ulrich et al. 2008) than -G, consistent with an excited

state conformation that is more ‘unfolded’ than in the ground

state. Interestingly, Asn 79, one of the two residues that shifts

away from random coil in the excited state, has chemical

shifts clearly influenced by the proximal Trp 75 (see Fig. 2),

suggesting that the relative orientation of the carbonyl group

with respect to the Trp ring changes between ground and

excited conformations.

Helix 1 of the ground state is stabilized in part by two

internal salt-bridges, Glu 21-Lys 24 and Glu 23-Lys 20

(Dennis et al. 1998). Notably, a small jD-j value is

obtained for Glu 23 (0.24 ± 0.01 ppm) while side-chain

CO groups for Glu 21 and the helix-capping residue Glu 25

move to random coil positions in the excited state. These

observations are consistent with an intact Glu 23-Lys 20

salt-bridge in the excited state, with helix 1 shortened by a

residue or two. Indeed, backbone chemical shifts obtained

from CPMG experiments (data not shown) indicate a much

more dynamic loop connecting helices 1 and 2 and a

shorter helix 1. In a similar manner, the small jD-j for Glu

Fig. 5 Correlations of carbonyl jD-j values extracted from global,

two-site exchange fits of CPMG relaxation dispersion profiles

recorded on Im7 under a variety of different conditions. Solid lines
correspond to y = x while dashed lines are best-fit linear correlations

(upper left of each plot). Linear correlations of side-chain carbonyl

jD-j values extracted from data recorded with (Y-axis) and without

(X-axis) the JCO,CO refocusing element are shown for Glx (a) and Asx

(b) residues. c Correlation of side-chain CO chemical shift differences

from dispersion data sets recorded in D2O at 25�C (Y-axis) and 95%

H2O/5% D2O at 10�C (X-axis). d Comparison of backbone CO jD-j
values recorded using the pulse scheme of Fig. 1 (Y-axis) and an

HNCO-based sequence (X-axis) (Lundstrom et al. 2008)
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12 (0.28 ± 0.01 ppm) may indicate that a native salt-

bridge between Glu 12 and Lys 73 linking helix 1 and helix

4 in the ground state is still present in the intermediate

state, either in part or in full. Overall, the side-chain data

presented here indicate an excited conformer that is more

unfolded-like than the ground state, albeit with a number of

crucial native interactions in place.

In addition to reporting on differences in salt bridge or

hydrogen bonding interactions, changes in side-chain 13CO

jD-j values may also reflect differences in carboxyl pKa’s

between exchanging states. In principle, pKa values of

carboxylic groups in the excited state can be measured by

performing a pH dependent relaxation dispersion study so

that -E versus pH can be obtained. In practice, this requires

a system for which both high quality spectra and significant

dispersions are present over a broad pH range. This is

unfortunately not the case for the Im7 protein considered

here where spectra become excessively broadened below

pH 6.0 and where the excited state population decreases

rather significantly for pH values about approximately 7.

In summary, we have presented a new pulse scheme for the

measurement of side-chain carbonyl CPMG relaxation dis-

persion profiles in U-[13C]-labeled proteins. The experiment

complements existing methodology that probes millisecond

time-scale dynamics at methyl group (Lundstrom et al. 2007;

Skrynnikov et al. 2001), Cb (Lundstrom and Kay 2009), Asn/

Gln NH2 (Mulder et al. 2001) and Lys NH3
? (Esadze et al.)

side-chain positions. Combined with backbone chemical

shifts and orientational restraints measured using similar

CPMG-based approaches, this information will be extremely

valuable in obtaining quantitative structural descriptions of

low populated protein conformations.
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