
ARTICLE

Cross-correlated relaxation measurements under adiabatic
sweeps: determination of local order in proteins
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Abstract Adiabatically swept pulses were originally

designed for the purpose of broadband spin inversion.

Later, unexpected advantages of their utilization were also

found in other applications, such as refocusing to excite

spin echoes, studies of chemical exchange or fragment-

based drug design. Here, we present new experiments to

characterize fast (ps–ns) protein dynamics, which benefit

from little-known properties of adiabatic pulses. We

developed a strategy for measuring cross-correlated cross-

relaxation (CCCR) rates during adiabatic pulses. This

experiment provides a linear combination of longitudinal

and transverse CCCR rates, which is offset-independent

across a typical amide 15N spectrum. The pulse sequence

can be recast to provide accurate transverse CCCR rates

weighted by the populations of exchanging states. Sensi-

tivity can be improved in systems in slow exchange.

Finally, the experiments can be easily modified to yield

residue-specific correlation times. The average correlation

time of motions can be determined with a single experi-

ment while at least two different experiments had to be

recorded until now.

Keywords NMR � Protein dynamics � Adiabatic sweep �
Cross-correlated cross relaxation

Introduction

Protein dynamics are essential for most biological pro-

cesses. The possibility of studying dynamics on various

timescales at atomic resolution makes the analysis of NMR

relaxation rates unique among other biophysical methods.

In principle, motions of any arbitrary spin can be studied,

but relaxation studies of 15N�1H spin pairs in peptide

bonds have been popular since they offer a series of ben-

efits (i) they can be easily introduced into proteins by 15N

labeling, (ii) the approximation of isolated spin pairs can be

safely assumed to be fulfilled, provided all other protons

are replaced by deuterons, (iii) they provide a residue-

specific description of protein backbone dynamics, and

finally (iv) the measurement techniques are quite robust

(Korzhnev et al. 2001; Lakomek et al. 2012).

According to semi-classical NMR relaxation theory

(Wangsness and Bloch 1953; Redfield 1965) all relaxation

rates are determined by linear combinations of discrete

values of the spectral density function JðxÞ which

describes the probability of finding motions at a given
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frequency. The determination of the values of the spectral

density function and their interpretation is known as

spectral density mapping (Peng and Wagner 1992a, b). A

simplified variant is called reduced spectral density map-

ping (Ishima and Nagayama 1995a, b; Farrow et al. 1995).

Later, it has been proposed to complement reduced spectral

density mapping analysis by protocols that utilize CCCR

rates (Kadeřávek et al. 2014; Kroenke et al. 1998). Robust

symmetrical reconversion methods allow accurate mea-

surement of transverse CCCR rates (Pelupessy et al. 2003),

but the precision is significantly reduced in the presence of

slow exchange when the precession frequency changes

during the exchange process.

Relaxation under adiabatic pulses has been studied in

the presence of protein-ligand interactions (Auer et al.

2010), slow motions in the ls–ms regime (Mulder et al.

2001; Mangia et al. 2010; Auer et al. 2011) and in the

presence of fast (ps–ns) dynamics (Konrat and Tollinger

1999). Here, we present measurements of CCCR rates

under adiabatically swept pulses and show that deleterious

effects of chemical exchange are significantly reduced.

In addition, we introduce variants of experiments that

can directly provide values of the spectral density func-

tion at zero frequency J(0). These J(0) values provide

interesting information about the timescales of the

dominant motion in the ps-ns range. Local disorder in a

protein can be readily identified by a decrease of J(0)

values in flexible segments where the weights of rapid

internal motions characterized by small correlation times

increase. To the best of our knowledge, this is the first

method that allows one to measure J(0) directly in a

single experiment.

Materials and methods

Protein samples

Uniformly 15N labeled and deuterated KID-binding domain

(KIX) [residues 586–672 of human CREB-binding protein

(CBP)] was expressed using Escherichia coli strain BL21

(DE3). Cells were grown in minimal D2O medium con-

taining 15N labeled ammonium chloride as sole nitrogen

source. KIX was purified as described elsewhere (Tollinger

et al. 2006), and the exchangeable deuterons were back-

exchanged in H2O buffer. The KIX sample contained

1 mM protein in 50 mM potassium phosphate buffer, pH

5.8, and 25 mM NaCl before adding 10 % D2O.

Human ubiquitin was purchased from VLI. The sample

was prepared by dissolution of lyophilized ubiquitin in

50 mM acetate buffer (pH 4.6 before 10 % of D2O was

added to the solution). The final protein concentration was

0.67 mM.

NMR experiments

The experiments were performed in magnetic fields B0 ¼
11:74 and 18.79 T on Bruker Avance spectrometers (1H

Larmor frequencies 500 and 800 MHz, respectively). Both

spectrometers were equipped with TCI cryoprobes. The

KIX domain was studied at 20 �C at 500 MHz. Experi-

ments with ubiquitin were carried at 5 �C (500 MHz) and

30 �C (500 and 800 MHz). The temperature was calibrated

by measuring the difference between 1H chemical shifts of

a 4 % solution of methanol in deuterated methanol.

Symmetrical reconversion experiments (Pelupessy et al.

2003, 2007) were used to measure the transverse (gxy) and

longitudinal (gz) cross-relaxation rates due to cross-corre-

lated fluctuations of the 15N chemical shielding anisotropy

(CSA) and the 15N–1H dipole–dipole interaction in ubiq-

uitin. The transverse cross-relaxation rate gxy was measured

with relaxation delays T ¼ 50 and 70 ms, the longitudinal

cross-relaxation rate gz with T ¼ 100, 175, and 250 ms.

Experiments with adiabatic sweeps employed Tadiab ¼ 60

and 80 ms long apodized chirp pulses (Böhlen et al. 1990).

The maximum amplitude of all chirp pulses was applied for

60 % of the duration of the pulses. The chirp pulses were

Fig. 1 Variants of relaxation intervals a scheme 1—with adiabati-

cally swept pulse and b scheme 2—with single spin echo. Rectangular

p=2 and p pulses are denoted as open and filled boxes. All pulses are

applied with phase along x axis unless indicated. The phases /1 and

/2 follow cycles {y,�y} and {y,y,�y,�y}, respectively. The long

grey shaped pulse represents the adiabatic inversion pulse of length

Tadiab where the amplitude is modulated by two ramps of length Tr

each. Sinc type selective pulses applied to the water resonance are

represented by semi-elliptic symbols. The carrier frequency for all

hard pulses was placed in the centre of the amide region while all flip

back pulses were applied on-resonance with respect to the water

signal. The amplitudes of the selective pulses preceding and following

the composite pulses were calibrated separately
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divided into 10,000 discrete steps to cover a sweep width of

10 kHz. The central part of the relaxation blocks (Txy in

Fig. 1) of our experiments with a single 15N echo and non-

selective 15N pulses was 50 or 70 ms long.

The transverse CCCR rates gxy of KIX were determined

by a single experiment with a relaxation delay T ¼
38:768 ms and by our experiment with a chirp pulse of a

length Tadiab ¼ 80 ms (all other parameters were as for the

experiments performed on ubiquitin).

The longitudinal relaxation rates R1ð15
NÞ in ubiquitin

were measured (Korzhnev et al. 2001) with relaxation

delays T ¼ 140 (twice), 220, 380, 500, 540 (twice), and

660 ms at 500 MHz and with T ¼ 20, 60, 140 (twice), 220,

380, 500, 540 (twice), and 660 ms at 800 MHz.

The 15N–1H steady-state nuclear Overhauser effect

rf1Hg (ssNOE) in ubiquitin at 800 MHz and 30 �C was

determined from the ratio between the intensities of spectra

acquired with proton saturation achieved by a 8 s long

repetition of a segment consisting of a 180 � 1H pulse and a

10.87 ms delay and the intensities in reference spectra

acquired with a 17 s interscan delay (Ferrage et al. 2009).

The steady-state and reference spectra were measured in

interleaved fashion. The same experiments were performed

at 500 MHz and 5 �C, but the duration of the proton satu-

ration period was 6 s and the interscan delay in the refer-

ence experiments was 15 s.

The transverse relaxation rates R2ð15
NÞ of ubiquitin

were determined from the relaxation rates R1 and R1q

(Mulder et al. 2001):

R2 ¼ R1q � R1 cos2 h

sin2 h
ð1Þ

where h ¼ atanðx1=XÞ is the tilt angle of the effective field

during the spin-lock irradiation, X being the offset between

the resonance frequency and the carrier frequency and x1

the rf amplitude. The carrier frequency during the spin-lock

was set in the middle of the amide region for durations

T ¼ 0; 20; 40 (twice), 60, 80, 100, 120, and 140 (twice) ms.

The rf amplitudes for spin locking and chirp pulses were

calibrated using a comparison of residual and true

Jð15
N�1HNÞ coupling constants in spectra acquired with

continuous-wave decoupling (Palmer et al. 2001). The

calibrated rf amplitudes of chirp pulses were 2303:8 �
1:1; 2343:8 � 0:7; 2278:2 � 1:1; and 2306:1 � 3:0 Hz for

measurements of ubiquitin at 800 MHz (30 �C), 500 MHz

(30 �C), 500 MHz (5 �C), and KIX domain, respectively.

The calibrated rf amplitudes used for spin locking in R1q

experiments were 1617:2 � 0:5; and 1040:6 � 0:5 Hz for

experiments at 800 MHz (30 �C), and 500 MHz (5 �C),

respectively. Note that the errors were evaluated as

asymptotic standard errors of the fit and are likely under-

estimated but this has no consequence on the analysis.

A compensation block was inserted to ensure uniform

sample heating in measurements of R1, R1q, gxy and gz.
All spectra were processed with NMRPIPE (Delaglio

et al. 1995) and analyzed with SPARKY (Goddard and

Kneller 2006). The R1 and R1q relaxation rates were

obtained from fits of the signal decays to mono-expo-

nential functions using the program OCTAVE 3.2.4 (Eaton

et al. 2009).

The CCCR rates gxy, gz, and their linear combinations

gave were obtained from a fit of the observable Y(T) defined

as:

YðTÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

IP;QðTÞIQ;PðTÞ
IP;PðTÞIQ;QðTÞ

s

ð2Þ

where IP;QðTÞ denotes a peak intensity in spectra derived

from operator terms P and Q selected before and after the

relaxation period T in the manner of symmetrical recon-

version. P and Q stand for Nz and 2NzHz operators,

respectively. The rates gxy and gave were determined from a

linearized equation:

atanh YðTÞð Þ ’ giT ; ð3Þ

with gi ¼ gxy or gave. gz was determined from [Eq. 7 in

Pelupessy et al. (2007)]

atanh Y�1ðTÞ
� �

¼ gzT 1 þ l2T2

24

� �

ð4Þ

where l is a correction factor determined from a simulta-

neous fit of [Eq. 8 in Pelupessy et al. (2007)]:

IP;PðTÞ
IQ;QðTÞ

¼ k expð�lTÞ
6 þ g2

zlT
3

ð5Þ

where k is a fitted pre-exponential factor.

The errors of the peak intensities were estimated based

on random noise in the spectra and the uncertainties of the

relaxation rates were estimated from 2000 independent fits

of the relaxation rates while the peaks intensities were

varied according to their estimated errors assuming a nor-

mal error distribution.

The values of spectral density functions JðxÞ were

calculated using the reduced spectral density mapping

approach, with the internuclear distance rN�H = 1.02 Å, the

anisotropy of the nitrogen chemical shielding tensor Dr ¼
rk � r? ¼ �170 ppm and the angle between the unique

axis of the CSA tensor and the N–H bond to 20:6 �. The

choice of the parameters was justified by a comparison of

the spectral density values at the 15N frequency obtained

from the CCCR rates and the reduced spectral density

mapping (Kadeřávek et al. 2014).

Simulations of the evolutions of the spin system (Levitt

and Bari 1992; Ghose 2000) during our pulse sequence
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were performed with MATLAB R2014A [MATLAB] using

SPINACH 1.5.2440 (Hogben et al. 2011). The full basis set

was used with Redfield relaxation theory (Wangsness and

Bloch 1953; Redfield 1965) using the secular approxima-

tion. Simulations for a two-site exchange between states on

different time scales were performed by a script written in

MATHEMATICA 9 (Wolfram Research Inc. 2012).

Theory

Cross-correlated cross-relaxation

The relaxation of an isolated 1H�15N spin pair can be

described by the semi-classical relaxation theory (Wangs-

ness and Bloch 1953; Redfield 1965). Cross-correlation

between the 15N chemical shielding anisotropy (CSA) and

the dipole–dipole interaction with the HN proton is

responsible for cross-relaxation pathways between the in-

phase and anti-phase 15N coherences (the transverse CCCR

rate gxy) and between the polarization Nz and the two-spin

order 2NzHz (the longitudinal CCCR rate gz). The CCCR

rates depend on the spectral density function:

gxy ¼ Ccd 8Jð0Þ þ 6JðxNÞð Þ; ð6Þ

gz ¼ 12CcdJðxNÞ; ð7Þ

where xN is the nitrogen Larmor frequency, Ccd ¼
ð3 cos2 u �1Þc2

NcHB0Drl0�hr
�3
N�H=96p, cH and cN are the

gyromagnetic ratios of 1H and 15N, respectively, rN�H is

the H–N internuclear distance, l0 is the permeability of

vacuum, �h is Planck’s constant divided by 2p, Dr is the

anisotropy of the 15N chemical shielding tensor, u is the

angle between the H–N bond and the symmetry axis of the
15N chemical shielding tensor, and B0 is the external

magnetic field. The spectral density function is described as

a sum of k Lorentzian functions JðxÞ ¼ ð2=5Þ
Pk�1

i¼0 aisi=

ð1 þ ðxsiÞ2Þ, where si are the effective correlation times

and ai are weighting constants. Hence, Jð0Þ ¼ ð2=5Þs0 for

motions with a correlation function described by a mono-

exponential decay characterized by a single correlation

time s0, and Jð0Þ ¼ ð2=5Þ
Pk�1

i¼0 aisi for more general cases

where statistically independent motions participate. Within

the frame of the popular model-free approach (Lipari and

Szabo 1982a, b; Halle et al. 1981; Halle 2009) a local order

parameter is defined as S2 ¼ a0, where the index i ¼ 0

refers to the overall tumbling of the molecule in the solu-

tion with a correlation time s0 and s1 ¼ ðs�1
0 þ s�1

f Þ�1
,

where sf is the timescale of the fast internal motions.

Adiabatic sweeps

The adiabatic fast passage pulses (Abragam 1961;

Böhlen and Bodenhausen 1993; Kupče and Freeman

1995) used in the relaxation period (Fig. 1) are phase-

modulated pulses. The time dependence of the phase

effectively sweeps the resonance frequency of the pulse

in linear fashion over a defined range. The time depen-

dence of the carrier frequency for the chirp pulses used in

this study is:

XðtÞ ¼ 2p
t

Tadiab

� 0:5

� �

W ð8Þ

where Tadiab is the total pulse duration and W is the sweep

width in Hz. The amplitude of the chirp pulse starts from

zero and smoothly increases like the first quarter of the

period of a sine function during a ramping interval

0\t\Tr:

x1ðtÞ ¼ 2pB1 sin
pt
2Tr

ð9Þ

where B1 is the maximum of rf amplitude in Hz, and Tr is

the length of the ramp. At time ðTadiab � TrÞ the amplitude

of the rf pulse is gradually decreased according to equation:

x1ðtÞ ¼ 2pB1 sin
pðt � Tadiab þ 2TrÞ

2Tr

ð10Þ

The amplitude is constant x1ðtÞ ¼ 2pB1 for t 2 ½Tr;

Tadiab � Tr�. In order to evaluate the effective relaxation

of a 15N–1H spin pair during the chirp pulse, average

Liouvillian theory can be applied (Levitt and Bari 1992;

Ghose 2000) as average Hamiltonian theory (Valentine

et al. 2007). The relaxation can be described in a spin

operator subspace fNz; 2NzHz;Nx; 2NxHzg in the instanta-

neous rotating frame (assuming that the chirp pulse was

applied along the x-axis of the accelerating rotating frame).

The zero-order average Liouvillian over the whole length

of the pulse is given by:

L ¼ 1

Tadiab

Z

Tadiab

0

L0ðtÞdt: ð11Þ

L0ðtÞ is the Liouvillian at a time t which can be calculated

as:

L0ðtÞ ¼ U�1ðtÞLUðtÞ; ð12Þ

where L is the Liouvillian of the initial state with the

following matrix representation in the basis fNz; 2NzHz;

Nx; 2NxHzg:
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L ¼

R1 gz 0 0

gz R0
1 0 0

0 0 R2 gxy
0 0 gxy R0

2

0

B

B

B

@

1

C

C

C

A

ð13Þ

where R1 is the longitudinal 15N relaxation rate, R0
1 is the

relaxation rate of the two spin order and R2 and R0
2 are the

transverse relaxation rates of the in-phase and anti-phase
15N coherences, respectively. gz and gxy are the longitudi-

nal and transverse CCCR rates. UðtÞ is the transformation

into the time-dependent tilted frame.

UðtÞ ¼

c 0 � s 0

0 c 0 � s

s 0 c 0

0 s 0 c

0

B

B

B

@

1

C

C

C

A

; ð14Þ

where c and s stand for cosðhðtÞÞ and sinðhðtÞÞ, respec-

tively. The angle hðtÞ can be calculated with the knowledge

of the time-dependence of the offset and the amplitude

(Eqs. 8–10)

cos hðtÞ ¼ XðtÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2ðtÞ þ x2
1ðtÞ

q ð15Þ

sin hðtÞ ¼ x1ðtÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2ðtÞ þ x2
1ðtÞ

q ð16Þ

Eqs. 12, 13, and 14 provide a Liouvillian in the trans-

formed base fNz0 ðtÞ; 2Nz0HzðtÞ;Nx0 ðtÞ; 2Nx0HzðtÞg:

The integral of L0ðtÞ over the interval ½0; Tadiab�
gives the average Liouvillian. Note that the integral of

the function cosðhðtÞÞ sinðhðtÞÞ over the integration

interval ½0; Tadiab� vanishes. We introduce the parameter

a:

a ¼ 1

Tadiab

Z

Tadiab

0

sin2 hðtÞð Þdt ð18Þ

which can be evaluated numerically. The averaged Liou-

villian has the form:

We provide a list of a parameters calculated for various

sets fB1;W ; Tr=Tadiabg in the supplementary material (Tab.

S1). It should be noted that the calculated a parameters and

the zero-order averaged Liouvillian presented in Eq. 19

correspond to 15N with a resonance frequency in the centre

of the adiabatic sweep. For all other cases a constant offset

must be added to XðtÞ in Eq. 8. Consequently, the pro-

portion of gxy and gz contributions to the average cross-

relaxation rates depends on the offset. In addition, the

integral of the product cosðhðtÞÞ sinðhðtÞÞ does not vanish,

so all terms in the matrix in Eq. 19 are non-zero a priori.

However, errors are limited under the usual conditions (see

below).

Principles of the new experiments

The experiments that are presented in this paper combine

relaxation during an adiabatic pulse with the inversion of

proton magnetization and additional relaxation delays. The

complete relaxation block (scheme 1) is shown in Fig 1a. It

starts with a longitudinal relaxation delay Tz followed by

an adiabatic pulse of a length Tadiab flanked by two proton

inversion pulses and terminated by a second longitudinal

relaxation delay Tz. The averaged Liouvillian can be easily

L0ðtÞ ¼

R1c
2 þ R2s

2 gzc
2 þ gxys

2 ðR2 � R1Þcs ðgxy � gzÞcs
gzc

2 þ gxys
2 R0

1c
2 þ R0

2s
2 ðgxy � gzÞcs ðR0

2 � R0
1Þcs

ðR2 � R1Þcs ðgxy � gzÞcs R2c
2 þ R1s

2 gxyc
2 þ gzs

2

ðgxy � gzÞcs ðR0
2 � R0

1Þcs gxyc
2 þ gzs

2 R0
2c

2 þ R0
1s

2

0

B

B

B

B

@

1

C

C

C

C

A

: ð17Þ

L ¼

R1ð1 � aÞ þ R2a gzð1 � aÞ þ gxya 0 0

gzð1 � aÞ þ gxya R0
1ð1 � aÞ þ R0

2a 0 0

0 0 R2ð1 � aÞ þ R1a gxyð1 � aÞ þ gza

0 0 gxyð1 � aÞ þ gza R0
2ð1 � aÞ þ R0

1a

0

B

B

B

@

1

C

C

C

A

ð19Þ
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calculated as a weighted sum of three Liouvillians repre-

senting relaxation during the three delays. The Liouvillian

during the first free relaxation period Tz is equal to L in

Eq. 13. The effect of the proton inversion pulses is

described by a unitary transformation UH in the same basis

as Eq. 13:

UH ¼

1 0 0 0

0 � 1 0 0

0 0 1 0

0 0 0 � 1

0

B

B

B

@

1

C

C

C

A

ð20Þ

The averaged Liouvillian over the relaxation delay T ’
ð2Tz þ TadiabÞ where the duration of pulses can be neglec-

ted is:

L1 ¼ 1

T
2LTz þ TadiabU

�1
H LUH

� �

ð21Þ

where L is defined in Eq. 19.

A similar experiment (scheme 2) can be proposed if the

adiabatic sweep is replaced by a 15N refocusing p pulse

flanked by two delays Txy=2 and two non-selective 15N p=2

pulses (Fig 1b). The transformation corresponding to the
15N refocusing pulse is described by a simple multiplica-

tion by the factor �1 which has no effect on the Liouvil-

lian. UN represents the transformation of the Liouvillian

due to a 15N p=2 pulse applied along y-axis:

UN ¼

0 0 � 1 0

0 0 0 � 1

1 0 0 0

0 1 0 0

0

B

B

B

@

1

C

C

C

A

ð22Þ

The averaged Liouvillian over the relaxation interval in

scheme 2 is thus given by:

L2 ¼ 1

2Tz þ Txy
2LTz þ TxyU

�1
N U�1

H LUHUN

� �

ð23Þ

which is equal to L1 of Eq. 21 if a ¼ 1 and Txy ¼ Tadiab.

Results and discussion

Choice of the relaxation intervals

The cross-relaxation measurements use symmetrical

reconversion (Pelupessy et al. 2003): Nz or 2NzHz terms are

prepared prior to the relaxation period T and either Nz or

2NzHz are selected at the end of T. All four relaxation

pathways are recorded. An analysis of relaxation during

our experiments shows that the observable Y(T) (Eqs. 2, 3)

results from a linear combination of transverse (gxy) and

longitudinal (gz) CCCR rates in the zeroth order average

Liouvillian. The observed averaged CCCR rate gave

determined by our experiments is:

gave ¼
2Tzgz � Tcentr agxy þ 1 � að Þgz

� �

T
ð24Þ

where T is the total relaxation period and Tcentr ¼ Tadiab or

Tcentr ¼ Txy for scheme 1 or 2 as defined in Fig 1. The

parameter a defines the proportion of time that the 15N

magnetization spends in the transverse plane during the

Tcentr period. a ¼ 1 for all N–HN groups for scheme 2

(called single echo experiment in this article) provided the

pulses are sufficiently strong. 0\a\1 when an adiabati-

cally swept pulse is used (scheme 1, called adiabatic

experiment in this article). If the Tz and Tcentr periods are

chosen to fulfill Tz ¼ 0:5ð1 � aÞTcentr, the right hand side

of Eq. 24 does not depend on gz, so that gxy can readily be

determined:

gave ¼ gxyave ¼ gxy
a

a� 2
ð25Þ

On the other hand, if Tz ¼ 0:5ð1 � 0:5aÞTcentr the right

hand side of Eq. 24 does not depend on JðxNÞ. Then, J(0)

can be calculated directly from the analysis of this single

experiment. Equations 6, 7 and 24 give in this case:

gave ¼ gJave ¼ Jð0Þ 16aCcd

a� 4
ð26Þ

With 0\a\1, the magnitude of both gxyave and gJave increase

with a. The a parameter should be maximized to increase

the precision of the gxy and J(0) determination.

Finally, if the flanking Tz periods are omitted in the adia-

batic experiment (scheme 1 in Fig. 1) and if the relaxation

delay is reduced to the adiabatic pulse, a linear combination of

longitudinal and transverse CCCR rates is obtained

gave ¼ gxyzave ¼ agxy þ 1 � að Þgz ð27Þ

Both gz and gxy can be determined from at least two

experiments with different a parameters. In principle, this

is similar to the standard experiments for the separate

determination of gxy and gz. But it might be more advan-

tageous if an exchange significantly contributes to relax-

ation of the 15N magnetization, as discussed below.

Systematic errors

The a parameter weakly depends on the rf field strength B1,

so that the method is robust with respect to a possible

miscalibration of the amplitude of the adiabatic pulse. The

relative errors are (see Appendix):

gxy � g0xy
gxy

¼ 1 � a
a0

� �

Fg ð28Þ
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Jð0Þ � J0ð0Þ
Jð0Þ ¼ 1 � a

a0

� �

FJ ð29Þ

where J0ð0Þ and g0xy are obtained from the analysis of

experimental data based on an a0 parameter set to an

erroneous value, while the correct value was a. The factors

Fg and FJ depend only on the rotational diffusion of the

molecule, its internal motions and the magnetic field of the

spectrometer:

Fg ¼
4Jð0Þ � 3JðxNÞ
4Jð0Þ þ 3JðxNÞ

ð30Þ

FJ ¼
4Jð0Þ � 3JðxNÞ

4Jð0Þ ð31Þ

For slow motions, when Jð0Þ � JðxNÞ, the factors con-

verge to Fg ¼ FJ ¼ 1 as shown by two examples in

Fig. 2a. The protocol employed here (Palmer et al. 2001)

ensures that a miscalibration of the B1 field larger than

100 Hz is unlikely. Therefore, the factor ð1 � a=a0Þ was

evaluated within the limits jB1 � B0
1j\100 Hz, where B0

1 is

an erroneously determined amplitude of the chirp pulse.

Fig. 2b shows that errors arising from such B1 field mis-

calibrations are often negligible. Errors increase with

increasing sweep width, decreasing B1 field, and decreas-

ing ratio of the length of ramp and the total length of chirp

pulse Tr=Tadiab. For clarity only the case Tr=Tadiab ¼ 0:05 is

shown in Fig. 2b.

As mentioned in the ‘‘Theory’’ section, the average

Liouvillian differs from Eq. 19 for residues with 15N res-

onance frequencies that are not in the centre of the adia-

batic sweep. Therefore, a systematic error arising from off-

resonance effects must be considered. The error was sim-

ulated for the case of a 15N nucleus with a 15 ppm reso-

nance offset from the centre of the adiabatic sweep. The

single correlation time of the motion was varied over the

range 1\s0\50 ns. The dependence of the error on the

correlation time between these limits was monotonic but

non-linear, suggesting that the simulation for s0 ¼ 50 ns is

close to the slow motion limit. The dependence of the error

on the B1 amplitude of the chirp pulses is shown in Fig. 3

for s0 ¼ 10 ns and B0 ¼ 23:5 T (1 GHz 1H Larmor fre-

quency). The results for B0 ¼ 18:79 and 11.74 T (800 and

500 MHz 1H Larmor frequencies) follow the same trends

but errors are scaled down so that they do not exceed 2.7

(a)

(b)

Fig. 2 Contributions to the relative errors of J(0) and gxy caused by

miscalibration of the amplitude of the chirp pulse. a A dependence of

the factors Fg and FJ on the correlation time of rotational diffusion.

Fg is related to the error of gxy (red lines) and FJ is related to the error

of J(0) (blue lines). The solid and dashed lines correspond to

measurements at 500 MHz and 1 GHz, respectively. b A contour plot

of the dependence of the error factor ð1 � a=a0Þ on the amplitude of

the adiabatic pulse B0
1 and its deviation DB1 ¼ B1 � B0

1 from the

nominal value B1. The blue, magenta, black, green, and red lines

represent contours of the function ð1 � a=a0Þ at levels

�0:05;�0:025; 0; 0:025, and 0.05, respectively. The solid, dashed,

and dotted lines show contours for chirp pulses with 10, 15, and

20 kHz sweep widths, respectively, and with a ratio of the length of

the ramp and the total length of the chirp pulse Tr=Tadiab ¼ 0:05.

b The relative errors for slow motion. For faster motions the errors are

scaled down by the factor Fg or FJ shown in (a)

Fig. 3 Simulated dependence of the relative errors of gxy determined

by the adiabatic experiment (scheme 1) on the amplitude of the

adiabatic pulse [the relative errors of J(0) were almost identical]. The

simulations refer to 1 GHz, the 15N resonance was shifted by 15 ppm

from the centre of the frequency sweep of the adiabatic pulse. The

red, green, and blue lines show the errors predicted for a 80 ms chirp

pulse with sweep widths of 10, 15, and 20 kHz, respectively. The

solid, dashed and dotted lines show errors for chirp pulses with the

ratios of the length of the ramp and the total duration of the chirp

pulse Tr=Tadiab ¼ 0:05; 0:1, and 0.2, respectively
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and 1.1 %, respectively. The absolute values of the relative

errors calculated for extreme correlation times s0 ¼ 1 and

50 ns do not exceed 1.8 and 4.3 %, respectively, even at 1

GHz.

The theory is valid for an isolated pair of spins. An

amide 15N–1H spin pair in an otherwise deuterated protein

sample fulfills these assumptions to a very good approxi-

mation. However, effects of Ha and other protons should be

considered for partially deuterated or fully protonated

protein samples. We performed simulations for a spin

system where dipole-dipole interactions with two addi-

tional protons were considered. The protons were placed

2.1, 2.5, and 2.9 Å from both amide nitrogen and hydrogen.

The three studied cases approximate fully protonated,

partially deuterated, and fully deuterated protein samples,

respectively. First, the simulations show (see Supplemen-

tary information) that the error rises significantly with

decreasing distance between the amide spin pair and the

additional interacting protons. Second, the accuracy

decreases with increasing correlation time of a motion of

an amide spin pair. Third, the error rises with the length of

the relaxation delay T, and finally, the error is larger if an

adiabatic pulse with a smaller a parameter is used (selected

dependences of the error on the correlation time and the

adiabatic pulse parameters are shown in Supplementary

information). Generally, the results of the simulations show

that a high level of deuteration is required for a quantitative

analysis if methods with adiabatically swept pulses

(scheme 1) are used. Although a partial deuteration can

suffice in small proteins, scheme 2 should be favoured for a

protonated or partially deuterated sample. The enhanced

performance of scheme 2 comes from the averaging of the

auto-relaxation rates of the in-phase and anti-phase terms

effectively performed by the evolution under scalar cou-

pling. The use of a conversion block between in-phase and

anti-phase terms (Kroenke et al. 1998; Ghose et al. 1999)

in scheme 1 should enhance the accuracy of the

measurements.

Finally, the effect of amide proton exchange was con-

sidered. The simulations show that the results of experi-

ments with an adiabatically swept pulse (scheme 1) are

corrupted in the presence of very fast proton exchange. The

error rises with increasing proton exchange rate and

decreasing correlation time of the studied amide spin pair.

The error is larger for longer relaxation delays T and/or if

an adiabatic pulse with a smaller a parameter is used (see

Supplementary information). For a typical experimental set

up similar to the one used in this study (simulated for an

experiment performed at 500 MHz with an adiabatic pulse

with the following parameters: B1 ¼ 2:3 kHz, SW ¼ 10 kHz,

Tadiab ¼ 80 ms, Tr=Tadiab ¼ 0:2) a maximum exchange rate

of 4 Hz was tolerable to keep the error below 3.5 % for

residues with correlation time s ¼ 1 ns. Because faster

proton exchange rates are typical for disordered proteins

(Croke et al. 2005) the scheme 2 should be the method of

choice in this case. The error was lower than 1.5 % even

for the simulation with a proton exchange rate equal to

20 s-1, a correlation time s ¼ 1 ns, and a relaxation delay

T ¼ 120 ms. Like for proton-proton dipolar relaxation, fast

averaging of in-phase and anti-phase auto-relaxation rates

makes scheme 2 more accurate in these cases.

Experimental results

The experiments were first tested on ubiquitin. Spectral

density values J(0) and experimental relaxation rates gxy,
and gxyzave were compared with the expected values derived

from transverse and longitudinal CCCR rates measured

with standard experiments. The values obtained by both

adiabatic and single echo experiments (schemes 1 and 2 in

Fig. 1) are in good agreement with the conventional

approach (Fig. 4). As expected, the J(0) values obtained

from any analysis based on CCCR rates are not contami-

nated by chemical exchange, in contrast to J(0) values

obtained from classical reduced spectral density mapping

(Ishima and Nagayama 1995b, a; Farrow et al. 1995). A

comparison of the determined J(0) values is shown in

Fig. 5.

Our method was also applied to the KIX domain of

CBP, which is known to have a significant amount of slow

conformational exchange (Tollinger et al. 2006). The

transverse CCCR rates were measured with the adiabatic

experiment (scheme 1 in Fig 1) and conventional experi-

ments. The results displayed in Fig. 6 show a very good

agreement between the two methods. However, our

experiment yields gxy values that are systematically lower

for residues in the first a helix of KIX (the average dif-

ference is 0:4 s�1), while the agreement between the data in

other parts of the sequence is satisfactory. It has been

reported (Tollinger et al. 2006) that helices 1 and 2

undergo a slow exchange between a folded and a partially

un-folded state. H/D exchange protecting factors (Schanda

et al. 2008) were shown to be higher in helix 2 than helix 1,

suggesting the persistence of residual structure for helix 2

in the partially unfolded state.

In order to identify the source of the disagreement,

simulations of both experiments were performed. Two-

state exchange was included in the Liouvillian matrix and

the exchange and relaxation parameters were chosen to

correspond to published values for KIX (Tollinger et al.

2006). Relaxation due to fast motions (ps–ns) was treated

following the semi-classical relaxation theory (Wangsness

and Bloch 1953; Redfield 1965) assuming that only an

unrestricted isotropic motion with a single correlation
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time s0 contributes to relaxation. Two simulations were

performed in which the slow exchange parameters were

identical, but the parameters defining the fast motions

differed. In the first simulation, the correlation times of

both exchanging states were equal (s0 ¼ 10 ns), while in

the second case the motion of the less populated state was

ten times faster (s0 ¼ 1 ns). The results of the simulations

of both the standard experiment and of the adiabatic

experiment (scheme 1 in Fig. 1) were identical in the first

case but different in the second case. While the simula-

tions of the standard experiment provide very similar

results in both cases, the result of the adiabatic experiment

is affected by the short correlation time of the less pop-

ulated excited state. If the standard method to measure gxy

is used, both in-phase and anti-phase coherences of the

excited state are lost rapidly due to enhanced relaxation

caused by the exchange. This effect reduces the weight of

cross-relaxation in the excited state to a negligible value.

So, the measured value reflects mostly the major folded

state. On the contrary, the adiabatic sweep efficiently

suppresses the loss of coherence due to exchange in the

minor state. Therefore, the measured value represents a

population-weighted gxy rate that is determined by both

the ground and excited states, provided the exchange rate

is fast enough to explore both states during the relaxation

delay.

Theoretically, knowledge of the major state gxy, of the

population weighted gxy, and the population of the excited
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Fig. 4 Correlations between the results of our experiments and

standard experiments. Panels a–d, e–h and i–l correspond to the

results measured for ubiquitin at 800 MHz and 30 �C, 500 MHz and

30 �C, and 500 MHz and 5 �C, respectively. The comparisons of J(0)

measured using the single-echo variant of our pulse program with

non-selective nitrogen pulses and with adiabatically swept pulse are

shown in panels (a, e, i) and (b, f, j), respectively. The correlations of

the transverse CCCR are shown in panels (c, g, k) and the linear

combinations of transverse and longitudinal CCCR rates are in panels

(d, h, l). Root mean square deviation (RMSD) and correlation

parameter (CORR) are shown in each panel
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state [based on relaxation dispersion experiments (Tollin-

ger et al. 2006; Schanda et al. 2008)] allows one to cal-

culate the CCCR rate of the excited state. Unfortunately,

the precision of our measurements is not sufficient to

obtain reasonably precise CCCR rates of the excited state.

Nevertheless, the systematic deviations of the gxy values

between the adiabatic experiment (scheme 1 in Fig. 1) and

the standard experiment clearly demonstrate the dynamic

character of the first a helix in the excited state. It is well

known from relaxation dispersion and hydrogen/deuterium

exchange experiments (Tollinger et al. 2006; Schanda

et al. 2008) that this a helix is unfolded in the excited state,

however, to the best of our knowledge, no proof had been

obtained so far of any enhanced ps–ns motions of this a
helix in the excited state. Interestingly, we find that helix

a2, which is expected to be in fast exchange between

unfolded and folded states (both roughly 50 % populated;

Schanda et al. 2008), does not show a significant change of

its average ps–ns dynamics in the excited state. Not sur-

prisingly, helix a3 was found to be as rigid in the excited

state (where it remains mostly a-helical) as in the folded

state.

Several simulations were performed with various pop-

ulations, chemical shift differences, and rates of exchange.

An example is shown in Fig. 7. Generally, it was found that

our adiabatic experiment (scheme 1 in Fig. 1) provides a

good estimate of the population weighted CCCR rate

unless the exchange rate is very slow (kex.1=Tadiab), in

which case the system does not ’hop’ frequently enough to

effectively average gxy. The standard experiment provides

a value close to gxy of the major state, unless the process is

fast enough to reach the fast exchange regime.
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Fig. 6 Transverse cross-correlated cross-relaxation rates for different

residues in the KIX domain. The red and green symbols show data

measured by the standard method and by our pulse program using

adiabatically swept pulse in the relaxation period. The blue horizontal

bars show the positions of three main a-helices in the KIX domain

Fig. 7 Simulated dependence of the transverse CCCR rate gxy
obtained by the standard experiment (dashed lines) and our exper-

iment (Eq. 25) using adiabatically swept pulse (solid lines) on the rate

of the exchange. The simulations were performed for a static field of

11.75 T, an isolated 15N�1H spin system undergoing a two-state

exchange A $ B characterized by equilibrium populations pA ¼ 0:9

and pB ¼ 0:1, the 15N chemical shift of the major state was in the

middle of the chirp sweep width and the frequency of the minor state

was shifted by 100 Hz (red), 200 Hz (green), 300 Hz (blue), 400 Hz

(magenta), 500 Hz (cyan), and 600 Hz (grey). The simulations were

done for a chirp pulse with sweep width W ¼ 10 kHz, amplitude

B1 ¼ 2:3 kHz, proportion of the relative length of the apodization

ramps Tr=Tadiab ¼ 0:2, and total length of the chirp pulse

Tadiab ¼ 80 ms. The transverse CCCR rates were calculated for

correlation times s0 ¼ 10 and 1 ns for the major and minor states,

respectively. The black dotted and dash and dot lines represent the

transverse CCCR rate of the major state gA
xy and population averaged

value pAgA
xy þ pBgB

xy, respectively
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For comparison of the sensitivity, the relaxation delay

T of the standard experiment was set to T ¼ aTadiab. A

comparison of the intensities are shown in Supplementary

information. Generally, the intensities of residues that are

not affected by slow exchange should always be larger in

spectra measured by the standard experiment because its

total relaxation delay T ¼ aTadiab is shorter than the total

relaxation delay T of scheme 1 in Fig. 1. The difference is

most pronounced for flexible residues, which typically have

intense signals. Because the relaxation of the two-spin order

2NzHz is faster than the relaxation of the Nz polarization, the

most dramatic attenuation affects the intensities IP;Q where

both P and Q represent 2NzHz, which usually show the most

intense signals in symmetrical reconversion. Therefore, a

drop of the sensitivity compared to the standard experiment

observed for almost all peaks in this spectrum is not critical.

However, if slow exchange contributes significantly to

relaxation the adiabatic method becomes the method of

choice since the irradiation diminishes the dominant relax-

ation mechanism. The precision of the symmetrical recon-

version method is mostly limited by the weak intensities of

IP;Q and IQ;P, where P stands for Nz and Q stands for 2NzHz.

The intensity was improved for 46 out of 68 peaks and only

3 peaks exhibit an intensity decrease larger than 10 % in the

spectra, where Nz and 2NzHz terms were selected before and

after the relaxation period. A similar proportion of the peaks

(43 out of 68) with an increased intensity was found in

spectra corresponding to the complementary cross-relax-

ation pathway (2NzHz term selected before the relaxation

period and Nz after the relaxation period). A decrease of

intensity larger than 10 % was found only for 9 peaks in this

case. Finally, the intensities of 97 % peaks were increased in

spectra where Nz magnetization was selected both before

and after the relaxation period.

Note that gxy and gz can be also determined from two

experiments with adiabatic pulses without the flanking Tz
periods. In that case the relaxation during Tz is avoided,

while the advantage of the suppression of exchange is

preserved. A measurement of gz by standard experiments

and a linear combination of gxy and gz by adiabatic

experiments is another possibility which keeps the advan-

tage of an independent and direct determination of gz.

Conclusions

We introduced a series of experiments to quantify cross-

correlated cross-relaxation CCCR rates under adiabatically

swept pulses. These experiments allow one to extend

applications of such pulses to the study of fast (ps–ns)

motions in proteins. The adiabatic experiment for the

determination of transverse CCCR rates provides results

that are consistent with standard experiments. The

adiabatic sweeps ensure almost uniform conditions over

the whole range of amide chemical shifts even at the

highest fields accessible. The method was demonstrated for

the KIX domain and human ubiquitin measured at room

and low temperatures to mimic different dynamic beha-

viours. Two different advantages of our approach could be

useful in the presence of slow chemical exchange. First, the

sensitivity is improved thanks to the suppression of a loss

of phase coherence due to slow exchange. Second, the

measured transverse CCCR rates represent ensemble-av-

eraged values over all states that undergo slow exchange

except if the exchange rates are very small. Finally, the

experiment can be modified to yield spectral density values

at zero frequency J(0) directly free of any bias due to

exchange. In addition, a single experiment is sufficient for

the determination of J(0). Precise values J(0) can be

extracted even when the standard analysis is limited by the

precision of the measurement of longitudinal CCCR rates.

The methods with an adiabatically swept pulse are best

suited for deuterated protein samples because interactions

with further spins may introduce significant systematic

errors. In addition, the presented adiabatic methods are not

well suited for rapidly moving proteins undergoing fast

amide proton exchange ([4 s-1) which is typical of intrin-

sically disordered proteins close to physiological conditions.

In both these cases the standard experiment for a measure-

ment of CCCR rates (Pelupessy et al. 2003, 2007) or the

variant of the presented method for a direct J(0) measure-

ment without adiabatically swept pulse should be used.
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Derivation of errors due to erroneous a parameter

a the true parameter

a0 the assumed parameter
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g0xy the result of the experiment performed on the

assumption that a0 is correct

J0ð0Þ the result of the experiment performed on the

assumption that a0 is correct

The experiment for the determination of the CCCR rate gxy
provides gxyave:

gxyave ¼
ð1 � a0Þgz � ðagxy þ ð1 � aÞgzÞ

1 þ 1 � a0
ð32Þ

and g0xy is calculated according to Eq. 25:

g0xy ¼ gxyave

a0 � 2

a0
ð33Þ

Then, a relative error of g0xy with respect to the correct

value is given by:

gxy � g0xy
gxy

¼ 1 � a
a0

� �

1 � gz
gxy

 !

ð34Þ

A similar approach is used for the derivation of an error

J(0):

gJave ¼
ð1 � 0:5a0Þgz � ðagxy þ ð1 � aÞgzÞ

1 þ 1 � 0:5a0
ð35Þ

providing J0ð0Þ calculated according to Eq. 26:

J0ð0Þ ¼ gJave

a0 � 4

16Ccda0
ð36Þ

Finally, a relative error with respect to the correct value

Jð0Þ ¼ ðgxy � 0:5gzÞ=8Ccd is calculated as:

Jð0Þ � J0ð0Þ
Jð0Þ ¼ 1 � a

a0

� �

1 � gz
2gxy � gz

 !

ð37Þ

The expressions in Eqs. 28 and 29 can be derived simply

by substitution of gxy and gz according to Eqs. 6 and 7 into

Eqs. 34 and 37, respectively.
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