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Abstract NMR relaxation dispersion techniques provide

a powerful method to study protein dynamics by charac-

terizing lowly populated conformations that are in dynamic

exchange with the major state. Paramagnetic NMR is a

versatile tool for investigating the structures and dynamics

of proteins. These two techniques were combined here to

measure accurate and precise pseudocontact shifts of a

lowly populated conformation. This method delivers

valuable long-range structural restraints for higher energy

conformations of macromolecules in solution. Another

advantage of combining pseudocontact shifts with relaxa-

tion dispersion is the increase in the amplitude of disper-

sion profiles. Lowly populated states are often involved in

functional processes, such as enzyme catalysis, signaling,

and protein/protein interactions. The presented results also

unveil a critical problem with the lanthanide tag used to

generate paramagnetic relaxation dispersion effects in

proteins, namely that the motions of the tag can interfere

severely with the observation of protein dynamics. The

two-point attached CLaNP-5 lanthanide tag was linked to

adenylate kinase. From the paramagnetic relaxation dis-

persion only motion of the tag is observed. The data can be

described accurately by a two-state model in which the

protein-attached tag undergoes a 23� tilting motion on a

timescale of milliseconds. The work demonstrates the large

potential of paramagnetic relaxation dispersion and the

challenge to improve current tags to minimize relaxation

dispersion from tag movements.
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Introduction

The structure and dynamics of proteins form the basis of

biomolecular function. Traditionally, structure and

dynamics have been studied separately, presumably for

practical experimental reasons: To determine a structure

and simultaneously see it move is challenging indeed,

although good progress has been made in considering

nanosecond dynamics (Torda et al. 1990; Cornilescu et al.

1998; Bouvignies et al. 2006; Markwick et al. 2009). A

major step forward in characterizing dynamics has been the

development of new NMR methods, in particular relaxa-

tion dispersion techniques (Palmer et al. 2001). These

techniques have provided experimental support for the idea

that the ground state of proteins coexists in a dynamic

equilibrium with other conformations, whose energies are

only slightly higher than that of the ground state. Several

studies have suggested that these alternative conformations

are likely to be functional, e.g. in enzyme catalysis (Vall-

urupalli et al. 2007; Wang et al. 2007; Vallurupalli et al.

2008a, b; Bouvignies et al. 2011). This idea echoes the

well-known concept of allostery, most prominently fea-

tured in the Monod–Wyman–Changeux model (Monod

et al. 1965). Experimental verification of such models is
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notoriously difficult because it requires structural charac-

terization of lowly populated protein states that are in

dynamic exchange with the ground state. These higher

energy states are often not directly observable in the NMR

spectrum. Yet, they may manifest themselves through line

broadening of the NMR signals, an effect commonly

known as chemical exchange. Chemical exchange in pro-

teins can be monitored by NMR relaxation dispersion,

whereby information about the exchanging states is

acquired. Conventional relaxation dispersion studies can

determine the chemical shifts of lowly populated states

(Palmer et al. 2001) and more recently, relaxation disper-

sion experiments have been designed for measuring

residual dipolar couplings (RDC) (Vallurupalli et al. 2007,

2008b) and residual anisotropic chemical shifts (RACS)

(John et al. 2005; Vallurupalli et al. 2008a) of these states.

Despite these advances, it remains challenging to obtain

sufficient information on these minor states to allow their

structures to be determined. Although chemical shifts can

be related to the protein structure (Bouvignies et al. 2011),

RDCs and RACSs provide more accurate structural infor-

mation, but exquisite data quality is essential to measure

these relatively small NMR effects (Vallurupalli et al.

2007; Vallurupalli et al. 2008b)—a quality often not fea-

sible to obtain.

An alternative method that has been proposed recently,

is to use the relaxation dispersion technique to measure

pseudocontact shifts (PCS) (Wang et al. 2007; Eichmueller

and Skrynnikov 2007; Hass et al. 2010). Most importantly,

this method promises powerful long-range restraints for

structure determination of minor protein conformations. To

achieve this, a paramagnetic ion is used to create a PCS

gradient throughout the protein (Fig. 1c), causing any

nucleus that moves relative to the paramagnet to experi-

ence a fluctuation in its resonance frequency and thereby

inducing relaxation dispersion (Wang et al. 2007; Eich-

mueller and Skrynnikov 2007; Hass et al. 2010).

Besides providing long-range structural restraints, the

paramagnetic approach has several other advantages. Large

dispersion effects can be achieved for more nuclei than

with RDCs, RCSAs, or even diamagnetic chemical shifts.

Furthermore, the paramagnetic effects can be tuned by the

choice of paramagnet. In this way the relaxation dispersion

effect can be varied and controlled in a manner that is not

possible in conventional diamagnetic experiments. This

novel paramagnetic method requires the incorporation of a

paramagnetic center with an anisotropic magnetic suscep-

tibility. An elegant way to achieve this is to use natural

metal binding sites that can accommodate a lanthanide (Ln)

ion, such as Ca2?-binding sites (Wang et al. 2007; Eich-

mueller and Skrynnikov 2007). A more general approach is

to use Ln-binding tags that can be attached to any protein

(Eichmueller and Skrynnikov 2007; Hass et al. 2010). Yet,

the tag must be dynamically restricted to avoid extensive

averaging of the anisotropic paramagnetic effect. Thus, an

attempt to use a highly flexible EDTA-based Ln tag to

observe paramagnetic relaxation dispersion was reported to

be unsuccessful because the PCS were too small and a low

signal-to-noise ratio of the resonances was obtained due to

motions of the tag (Eichmueller and Skrynnikov 2007).

More recently, two-point attached lanthanide binding tags

have been developed (Fig. 1a) (Otting 2008; Keizers and

Ubbink 2011; Koehler and Meiler 2011), and it has been

shown that large paramagnetically induced relaxation dis-

persion effects can be observed when the Ln tag is con-

formationally restricted in this way (Hass et al. 2010).

However, so far paramagnetic relaxation dispersion effects

have only been interpreted qualitatively (Wang et al. 2007;

Eichmueller and Skrynnikov 2007; Hass et al. 2010). To

investigate dynamics by paramagnetic relaxation disper-

sion in a quantitative way the two-armed Ln tag CLaNP-5

(Keizers et al. 2007, 2008) was attached to adenylate

kinase (ADK) from Aquifex aeolicus (A.a.).

This tag has been shown to be dynamically restricted as

well as tightly bound to its lanthanide ion (Keizers et al.

2008). Although the two-point attachment reduces the

amplitude of the tag mobility, motions can still occur. If

these motions occur on the ls–ms time-scale, where

relaxation dispersion experiments are sensitive, they cause

relaxation dispersion, which may interfere with the obser-

vation of protein dynamics. Previously, it was observed

that movements of the CLaNP-5 tag in some cases induced

large paramagnetic relaxation dispersion, even when

attached to a rigid protein (Hass et al. 2010). In the current

study, we chose to attach the tag to two cysteines intro-

duced at positions separated by one helical turn in a well-

defined a-helix of ADK (Fig. 1a), with the aim to minimize

tag movements relative to the protein.

ADK is an enzyme known for undergoing major struc-

tural changes during its catalytic cycle (Wolf-Watz et al.

2004; Henzler-Wildman et al. 2007a). The rate-limiting

step in the catalytic cycle is a large-scale lid-opening and

closing. Previous studies have shown that similar lid-

opening and closing occurs in the absence of substrates.

These dynamics were very difficult to detect due to the

small amplitude of the dispersion curves, and in fact,

remained undetected at room temperature (Henzler-Wild-

man et al. 2007a). Our relaxation dispersion studies on the

paramagnetically tagged protein show extensive dispersion

effects throughout the protein, even at 318 K. However, a

detailed analysis shows that the relaxation dispersion of

this Ln-tagged ADK molecule is not caused by the

movement of the protein but primarily by a subtle tilting

motion of the lanthanide tag. So, conformational exchange

characterized in this study is not directly relevant for

understanding ADK, yet it proves to be a useful model
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system that mimics domain motions in proteins. This work

outlines a procedure for obtaining PCSs of a lowly popu-

lated conformation from relaxation dispersion experiments

and uses them to characterize that state structurally.

Importantly, the PCSs measured indirectly by relaxation

dispersion were validated by direct observation of the

minor state at a low temperature, where its NMR signals

are visible in the spectrum. The relaxation dispersion

derived PCSs are shown to be accurate and precise, suitable

for atomic resolution structure calculations. These results

show how promising paramagnetic relaxation dispersion is

for characterizing lowly populated states structurally, pro-

viding an impetus for further development of Ln tags to

overcome current problems associated with tag motions.

Theory

A paramagnetic ion with an anisotropic magnetic suscep-

tibility gives rise to a PCS for surrounding nuclei, given by

(Bertini et al. 2002):

PCS ¼ 1

12pr3
Dvax 3 cos2 h� 1

� �
þ 3

2
Dvrh sin2 h cos 2/

� �� �

ð1Þ

The distance r and the angles h, and u are the spherical

coordinates of the nucleus with respect to the frame of the

magnetic susceptibility tensor (v) with its origin at the

paramagnetic center. The anisotropy of the v-tensor, Dv, is

described by an axial and rhombic component, Dvax and

Dvrh, respectively. The PCS is temperature dependent and

follows approximately Curie’s law (Bertini et al. 2002),

according to which the magnetization (here manifested in the

form of the PCS) is inversely proportional to the temperature.

Experimental PCSs are measured as the difference

between the chemical shifts in the paramagnetic molecule

(dpara) and the corresponding shifts in a suitable diamag-

netic analog (ddia), thus, PCS = dpara - ddia. This is an

approximation since in certain cases other paramagnetic

effects also can affect the shift significantly (Bertini et al.

2002; Koehler and Meiler 2011).

Anisotropic paramagnets cause partial alignment that

induces RDC and RACS (John et al. 2005). For a para-

magnet attached rigidly to a molecule, the alignment is

proportional to Dv and it increases with the square of the

magnetic field.

Paramagnetic relaxation enhancement (PRE) causes sig-

nals from nuclei close to the paramagnet to broaden. For

lanthanides (used in this work) the PRE is dominated by

Curie-spin relaxation, which is nearly proportional to the

rotational correlation time of the protein and proportional to

r-6 (Koehler and Meiler 2011). Still, since the PCS is pro-

portional to r-3 (Eq. 1), the PCS can be observed far beyond

the range where PRE causes severe line broadening.

Fig. 1 a The CLaNP-5 tag and

two mutations (K18C/K22C),

shown in stick representation,

were modeled on the structure

of A.a. ADK (pdb id: 2RH5)

(Henzler-Wildman et al. 2007a)

shown as ribbons. The

lanthanide is shown by a pink

sphere. b Detail of the 15N

HSQC spectrum of diamagnetic

Lu-labeled ADK(K18C/K22C)

(blue) and paramagnetic Yb-

labeled ADK (red). c The PCS

isosurface of Yb3? with a PCS

of -0.15 ppm (red) and

?0.15 ppm (blue). d Calculated

versus observed PCSs. The

PCSs were calculated on the

basis the crystal structure of

ADK and averaged for chains

A–C, and the Dv-tensor and

lanthanide position fitted to the

observed PCS
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To analyze chemical exchange effects in the presence of

an anisotropic paramagnet a simple two-site exchange

between two conformational states A and B is considered:

A �
kA

kB

B ð2Þ

The exchange rate is the sum of the two rate constants,

kex = kA ? kB, and the populations of the two states, pA

and pB, are related by pA = (1 - pB). Here it is assumed

that pB B pA. A given nucleus has a resonance frequency

of xA and xB in state A and B, respectively. The difference

in the resonance frequency is defined as Dx = xB - xA.

The line-broadening effect from chemical exchange is

given by the three parameters kex, pB, and Dx. The process

is in slow exchange when kex \\ Dx/H2 and the two

states give rise to separate signals. Coalescence of the

signals occurs when kex = Dx/H2, at which point the

exchange broadening is at its maximum. The exchange

regime close to coalescence (kex & Dx/H2) is referred to

as intermediate exchange. When kex [[ Dx/H2 the pro-

cess is in the fast-exchange regime and the observed signal

is a population weighted average at a frequency:

xobs ¼ pAxA þ pBxB ð3Þ

The relaxation dispersion effect in a Carr–Purcell–Mei-

boom–Gill (CPMG) based experiment is the modulation of

the effective transverse relaxation rate (R2,eff) by the

CPMG pulsing frequency, mcpmg = 1/(2scpmg), where scpmg

is the time between the center of two successive p-pulses in

the applied CPMG pulse train.

R2;eff ¼ R0
2 þ Rex mcpmg

� �
ð4Þ

R2
0 is the effective R2 relaxation rate in the absence of

chemical exchange. Rex as a function of mcpmg can be

expressed by the Carver-Richards equation (Carver and

Richards 1972), and depends on kex, pB, and |Dx|. The

CPMG dispersion does not report the sign of Dx.

In our notation, Dx has the units rad/s; however, it is

often convenient to convert this value into chemical shifts

units (ppm). The Dx values of the diamagnetic and para-

magnetic protein in units of ppm are referred to as Dddia

and Ddpara, respectively.

For the diamagnetic protein, |Dx| is directly related to

the absolute value of the chemical shift difference |Dddia| =

|Dx|/|x0|, where x0 is the Larmor frequency.

In the presence of an anisotropic paramagnet there are

more contributions to Dx:

Ddpara

�� �� ¼ DPCSþ Dddia þ DRCSA � DRDC

2x0

����

���� ð5Þ

The most prominent paramagnetic contribution is DPCS.

The contributions DRACS and DRDC that result from

paramagnetic alignment are usually much smaller. DRACS

is the difference in the residual anisotropic chemical shift

between the two states. DRDC is the corresponding differ-

ence in the H–N residual dipolar coupling, which only

contributes in spin-state-selective NMR experiments, e.g.

TROSY. The sign of this contribution depends on what spin

state is observed (Vallurupalli et al. 2007). The DRACS and

DRDC contributions from paramagnetic alignment by Yb3?

are small for 1H, which is the nucleus used in this study. The

maximum RACS and RDC are expected to be about 1 and

8 ppb at 14.1 T, respectively. Therefore, these contributions

are here treated as negligible:

Ddpara

�� �� � DPCSþ Dddiaj j ð6Þ

It follows from Eq. 6 that there are four sets of PCS values

that satisfy the relaxation dispersion data for a given

nucleus. In the fast-exchange regime these are:

ðIÞ PCSA ¼ PCSobs þ pB Ddpara

�� ��þ Dddiaj j
� �

;

PCSB ¼ PCSA � Ddpara

�� ��� Dddiaj j
ðIIÞ PCSA ¼ PCSobs � pB Ddpara

�� ��� Dddiaj j
� �

;

PCSB ¼ PCSA þ Ddpara

�� ��� Dddiaj j
ðIIIÞ PCSA ¼ PCSobs þ pB Ddpara

�� ��� Dddiaj j
� �

;

PCSB ¼ PCSA � Ddpara

�� ��þ Dddiaj j
ðIVÞ PCSA ¼ PCSobs � pB Ddpara

�� ��þ Dddiaj j
� �

;

PCSB ¼ PCSA þ Ddpara

�� ��þ Dddiaj j

ð7Þ

where PCSobs is the PCS directly observed in the spectrum

(Eq. 3). If Dddia = 0, solutions I and III are identical, and

so are II and IV. Outside the fast exchange regime the

equations for PCSA (Eqs. 7) are not exact. For instance, in

the slow-exchange regime PCSA = PCSobs.

Experimental section

Sample preparation

The double-cysteine mutant of ADK was engineered using

the QuikChange kit (Stratagene) starting from the opti-

mized ADK gene (GenScript USA Inc.) and subcloned into

vector pET-3a (Novagen). Escherichia coli BL21(DE3)

cells were used to express the gene. Cultures were incu-

bated to an OD600 of *0.8 and induced with 0.5 mM IPTG

for 6 h at 37 �C. U-[15N]- and U-[2H,15N]-labeled proteins

were produced in M9 minimal medium prepared using H2O

or D2O, respectively. In both cases, the M9 medium con-

tained 1 g/L 15NH4Cl (Cambridge Isotope Laboratories) as

the sole nitrogen source and 3 g/L unlabeled D-glucose.

Protein was purified using a combination of affinity, anion

exchange, and size-exclusion chromatography. Purity of

the protein was confirmed with gel electrophoresis. After
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purification, the protein was concentrated to 100 lM in a

buffer containing 50 mM Tris–HCl, 80 mM KCl, 1 mM

TCEP (pH 8.0), flash-frozen in liquid nitrogen and stored at

-80 �C.

The CLaNP-5-Ln tag was synthesized as previously

described (Keizers et al. 2008) and attached to the protein

using a procedure similar to that previously reported

(Keizers et al. 2008). Dithiotreitol (5 mM) was added to a

100 lM solution of ADK(K18C/K22C) in 20 mM sodium

phosphate pH 7.0 and incubated on ice for 1 h to reduce the

cysteines. Excess of dithiotreitol was removed on a PD10

column (GE Healthcare) and 10 equivalents of CLaNP-5-

Ln were added and stirred for 1 h on ice and centrifuged to

remove precipitate. Excess of tag was removed by buffer

exchange to 20 mM sodium phosphate, pH 7.0, and the

protein was concentrated to 0.5 mM using a 10 K centri-

fugal filter (Amicon). Except for the presence of 5 % un-

tagged protein no impurities were observed in the NMR

spectrum, therefore no further purification was needed. 5 %

D2O was added for lock in the NMR samples.

NMR spectroscopy

NMR experiments were carried out on a 600 MHz Bruker

Avance III spectrometer equipped with a TCI-cryo-probe.

Directly observed PCS of the ground state were measured

using 15N HSQC spectra at 298–318 K on [15N]

ADK(K18C/K22C) tagged with CLaNP-5-Lu/Yb. CPMG

relaxation dispersion experiments were carried out at 298,

308, and 318 K on [2H, 15N] ADK(K18C/K22C) tagged with

CLaNP-5-Lu/Yb. The TROSY-based 1H CPMG dispersion

pulse sequence was a modified version of a previously

published multi-quantum TROSY sequence with a CPMG

element implemented just before acquisition (Orekhov et al.

2004), where the preceding TROSY sequence was replaced

by a single-quantum version (Pervushin et al. 1997) to

minimize loss due to chemical exchange relaxation of the

protons during t1. The constant-time CPMG delay, Tcpmg,

was set to 40 ms and a multiple of four p-pulses with alter-

nating phases (x, y, x, y) were applied. 15N-TROSY spectra

were used to directly observe PCS of both states at 278 K in

[2H, 15N] ADK(K18C/K22C) tagged with CLaNP-5-Lu/Yb.

Data analysis

Spectra were processed with nmrPipe (Delaglio et al. 1995),

and analyzed in Sparky (T. D. Goddard & D. G. Kneller,

University of California, San Francisco) and CCPN analysis

(Vranken et al. 2005). Intensities, I(mcpmg), in the CPMG

dispersion spectra were measured as the peak volume of the

peaks fitted to Gauss–Lorentzian line shape using FuDA (D.

F. Hansen, University College, London). The effective R2

rate was calculated as R2,eff = ln[I0/I(mcpmg)]/Tcpmg, where I0

is the intensity in a reference spectrum with Tcpmg = 0.

Fitting of the CPMG dispersion curves (Eq. 4) was carried

out in gnuplot version 4.4. Initially, residues with significant

dispersion were fitted individually in a three parameter fit,

where kex, |Dx|, and R2
0 were optimized assuming that

pB = 0.2. For residues with no significant dispersion only R2
0

was optimized setting |Dx| = 0. Subsequently all residues

with significant dispersion and recorded at the same tem-

perature were used in a global fit, assuming a single two-site

exchange process. Parameters kex and pB were globally

optimized for the data at 308 K using a grid search, where kex

was varied between 600–800 s-1 and pB 0.05–0.5. The

obtained value of pB is not precise, because most resonances

are in fast exchange. In this scenario, fitting of the relaxation

dispersion profiles will yield only the rate of interconversion

(kex) and the product /ex (pApBDx2) (Palmer et al. 2001).

Separating this product is only possible when either of the

variables (i.e., population or chemical shift difference) is

known from independent measurements. A few resonances,

however, are in intermediate exchange (e.g. Phe 5, Fig. 2)

and their profiles provide, in principle, sufficient information

to determine pB and Dx2 separately. However, due to the

large R2 rates at low mcpmg frequencies associated with

intermediate exchange, these resonances give rise to weak

signals and, therefore, the data quality is insufficient to

determine pB precisely. The best global fit was obtained for a

population of 0.2, but other values of pB in the range 0.1–0.5

give similar fits. A value of pB less than 0.1 is inconsistent

with the dispersion profiles as it results in significantly worse

fits (Figure S1). The problem of determining the population

reliably is not particular for paramagnetic systems and can in

principle be addressed by acquiring relaxation dispersion

data at more than one field strength, but only if the exchange

process is on the intermediate timescale. However, such

experiments were not undertaken in the present study.

Numbat (Schmitz et al. 2008) was used to fit the Dv-tensors

and Ln-positions. The structures used for these calculations

are the three structures in the unit-cell of w.t. A.a. ADK

crystals (PDB id. 2RH5) (Henzler-Wildman et al. 2007a).

The three structures were aligned with respect to the Ca

atoms in the a-helix (residues 13–24) to which CLaNP-5 is

attached. Q-values were calculated according to (Cornilescu

et al. 1998).

Results and discussion

Assignment of Ln-tagged ADK

ADK(K18C/K22C) was tagged with a labeling efficiency

of about 95 % as judged from the intensity ratio between

Yb-tagged and untagged protein signals in the 15N HSQC

spectrum. Spectra of Ln-tagged ADK were assigned on the
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basis of previously obtained assignments of w.t. ADK

(Henzler-Wildman et al. 2007a). Assignments that unam-

biguously could be transferred from the spectrum of the

w.t. protein to the spectrum of Lu-tagged ADK, and sub-

sequently from the Lu-tagged to the Yb-tagged ADK

spectrum, were used to obtain an initial susceptibility

tensor and position of the Yb3? ion. These initial param-

eters were used to predict the PCSs of the remaining res-

idues, which then aided further assignment in an iterative

manner, together with the tensor optimization (Schmitz

et al. 2006). In this way, almost all observable signals in

the 15N HSQC spectra could be assigned. The agreement

between observed and back-calculated PCSs based on the

final tensor is shown in Fig. 1d. The agreement is good

(Q = 0.068), except for a few residues mainly located in

the mobile ATP lid (see Fig. 1a). This region is known to

undergo large motions on the ps–ns time-scale (Henzler-

Wildman et al. 2007b), thus extensive dynamic averaging

of the PCSs is expected and the three conformers of the

ATP lid observed in the crystal structure (Henzler-Wild-

man et al. 2007a) used for the PCS analysis may not be

representative for the solution ensemble. Residues 127–144

in the ATP lid were, therefore, not used for the tensor

optimization.

1H CPMG dispersion measurements

1H relaxation dispersion profiles of Yb(paramagnetic)- and

Lu(diamagnetic)-labeled ADK were obtained at three

temperatures (298, 308, and 318 K). For 121 residues

relaxation dispersion profiles were obtained for both the

Yb- and Lu-tagged protein at 308 K. A 1H relaxation dis-

persion experiment (Orekhov et al. 2004) was used rather

than the more conventional 15N variant (Tollinger et al.

2001), because the gyromagnetic ratio of 1H is ten times

larger than that of 15N. The PCSs of 15N and 1H amide

nuclei are of similar size in units of ppm and, therefore, ten

times smaller for 15N in units of frequency. Consequently,

the relaxation dispersion effect is up to a hundred times

larger for 1H than for 15N in the fast-exchange regime,

because then the effect is proportional to the square of Dx.

In the intermediate regime the dispersion is roughly pro-

portional to Dx, and only in the slow-exchange limit the

effect is the same for 15N and 1H (Wang et al. 2007).

In Yb-tagged ADK 1H relaxation dispersion is observed

throughout the protein (Figs. 2, 3). In the corresponding

diamagnetic Lu3?-labeled protein only a few residues show

significant relaxation dispersion, and the effect is overall

much smaller. The dispersion in Yb-tagged ADK is

Fig. 2 Examples of amide 1H

CPMG dispersion profiles of

ADK(K18C/K22C) tagged with

CLaNP-5 loaded with Lu3?

(diamagnetic, blue) or Yb3?

(paramagnetic, red) at 308 K

and 14.1 T on 0.5 mM [15N,
2H]-labeled protein in 5 % D2O/

95 % H2O at pH 7.0. The lines

represent the global fit to a two-

state model using the Carver–

Richards equation. The

chemical shift differences

|Dddia| and |Ddpara| obtained

from the fit are provided in units

of ppm. The globally optimized

parameters kex and pB are

678 s-1 and 0.2, respectively
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therefore primarily caused by fluctuations in the PCS,

implying that the involved nuclei undergo substantial

motions relative to the v-tensor of the lanthanide.

Analysis of the CPMG dispersion profiles

The 1H CPMG relaxation curves were first fitted individ-

ually using the Carver-Richards equation for two-site

exchange (Eq. 4). Similar kex values, within the estimated

errors, were obtained for most residues (Figure S2 and

Table S1), suggesting that the relaxation dispersions all

result from the same global exchange process that is

described well by a two-site exchange.

The exchange rate, kex, and the population, pB, were

estimated from a global fit. The obtained kex values are

395 ± 40, 678 ± 33, and 1,291 ± 50 s-1 at 298, 308, and

318 K respectively (Figure S4). From these values an

activation energy of 49 ± 4 kJ/mol is obtained using the

Arrhenius equation. The obtained value of pB of 0.2 is less

precise, because most resonances are in fast exchange as

explained in the ‘‘Experimental Section’’.

The nature of the conformational exchange

The paramagnetic relaxation dispersion data clearly show

that the Ln-tagged ADK undergoes conformational

exchange. ADK is known to be an intrinsically flexible

molecule that undergoes large conformational changes

even in the absence of substrates (Henzler-Wildman et al.

2007a), thus, it is tempting to attribute the observed

dispersions to these well-established motions. However,

several features of the dispersion data are not in line with

this idea: (1) The exchange rate is about five times slower

than that previously reported (Henzler-Wildman et al.

2007a) for the intrinsic catalytic motions of ADK; (2) Only

moderate dispersions are observed in the flexible ATP lid

of Yb-tagged ADK. Lid closure is predicted to result in

large PCS changes in this region and, therefore, in exten-

sive line broadening, much larger than in other regions of

ADK; (3) Sizable dispersion is observed in regions of ADK

that according to the available crystal structures (Henzler-

Wildman et al. 2007a), are not expected to have PCS

perturbations due to lid opening/closing; most notable is

the region 90–110. This region shows very clear relaxation

dispersion in Yb-tagged ADK and practically no dispersion

in Lu-ADK (Fig. 2). The region is located relatively far

(20–30 Å) from the lanthanide tag and, therefore, the

movement of this region needs to be substantial to account

for the relaxation dispersion, because of the r-3 depen-

dence of the PCS (Eq. 1). Simulations suggest that at least

a 10 Å displacement is required. Such motion seems

unreasonable, as it would require a major rearrangement of

the entire protein structure that would cause large disper-

sion also in the diamagnetic protein.

For all these reasons, the observed dispersion cannot

solely be caused by internal dynamics of the protein itself.

The effect must, at least in part, be caused by motions of

the lanthanide tag. To determine whether the paramagnetic

dispersion is only caused by tag motions or by a combined

motion of the tag and the protein, a quantitative analysis of

the PCS information was performed.

Fig. 3 a, b The frequency shifts |Dd| between the major and minor

form for Yb- and Lu-labeled ADK(K18C/K22C), respectively,

obtained from the CPMG relaxation dispersion analysis. Here, the

globally optimized exchange rate of 678 ± 33 s-1 and a population

pB of 0.2 was used, whereas R2
0 and Dx, were fitted per residue using

Eq. 4. Error bars show the estimated standard error (±1r) obtained

from the fits. Grey areas mark the residues for which no results were

obtained. c The backbone amide protons (small spheres) in the

structure of A.a. ADK are colored by the size of |Ddpara| from red to

blue, where blue corresponds to protons with no significant relaxation

dispersion and protons for which no relaxation dispersion data were

obtained are colored gray. The CLaNP-5 tag (sticks) with a Ln ion

(large magenta sphere) was modeled on the structure
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Determination of PCS of the minor state

Besides the rate and populations, the analysis of the CPMG

dispersion profiles provides |Dx| for the paramagnetically

and the diamagnetically labeled protein (Fig. 3). In the

paramagnetic case DPCS is encoded in |Dx| (see ‘‘Theory’’

section). To determine DPCS, the sign of Ddpara and Dddia

has to be known. Various techniques to obtain the sign of

Dx have been developed (Skrynnikov et al. 2002; Auer

et al. 2009, 2010). One of them is to determine the small

field dependence of the chemical shift (Vallurupalli et al.

2008a). For a paramagnetic molecule this approach is

problematic, because also the paramagnetic alignment and,

thereby, the DRACS contribution, is field dependent.

Spinlock-based approaches provide an alternative (Auer

et al. 2009), but here we utilize the predictable relation

between the PCS and molecular structure in order to

determine the signs in an iterative fashion.

Dddia of one nucleus has no obvious correlation with that

of other nuclei. Therefore, for a given set of N nuclei,

which show dispersion, there are 2N different sets of

chemical shift values that produce the same set of disper-

sion curves for a diamagnetic protein. Also for Ddpara there

are in principle 2N solutions and consequently up to 4N

solutions for the PCS of the minor state (Eqs. 7). However,

the individual Ddpara values are not independent of each

other. All Ddpara values are directly related to the v-tensor

provided that Dddia is small. The system can be considered

a molecule with two rigid domains that can orient in two

different ways relative to each other. One domain contains

a paramagnetic center and the other one is diamagnetic.

The diamagnetic domain experiences paramagnetic relax-

ation dispersion when it moves relative to the paramagnetic

domain. The set of PCSs of the two states (Eqs. 7) each

have six degrees of freedom (three translational and three

rotational) provided that Dvax and Dvrh are known (Eq. 1).

Therefore, if a few signs of DPCS are guessed correctly,

the remaining signs can be determined iteratively by fitting

three rotational and translational parameters for each state

using Eq. 1. It is reasonable to assume that the DPCS

values for a subset of nuclei close to each other in space

have the same sign. This is especially likely to occur when

the nuclei are far from the lanthanide. Under this

assumption there exist only two solutions, rather than 2N.

These two solutions are not degenerate. One solution fits

significantly better, as shown in Table 1 and Figure S3.

The values of Dvax and Dvrh of both the minor and

major state were fixed to the values obtained from the fit of

the Dv-tensor to the PCS directly observed in the spectrum,

namely 8.2 9 10-32 m3 and 2.3 9 10-32 m3, respectively.

Using relaxation dispersion derived PCSB values from a

small subset of six to eight residues close to each other, the

initial orientation of the v-tensor was estimated. The back-

predicted PCS were used to determine the sign of DPCS

and Dddia of additional residues, allowing more PCS to be

included in the fit. In this way all signs were determined

iteratively with the v-tensor of the minor state. Finally, the

position of the Ln ion was optimized together with the v-

tensor orientation and all signs were reevaluated.

Also the Dvax and Dvrh values were optimized for the both

states in an eight-parameter fit (Table S3). The relatively

small differences between the Dv values of the minor and

major states are likely not to be significant and can be due to

the fact that the positioning the Ln ion and the simultaneous

determination of Dvax and Dvrh tend to correlate in a subtle

non-linear way that is difficult to evaluate (Shishmarev and

Otting 2013). The CLaNP-5(Yb) tag has been used in many

studies, exhibiting very similar tensor values (Keizers et al.

2008; Xu et al. 2009; Dasgupta et al. 2011; Bertini et al. 2012;

Hiruma et al. 2013; Guan et al. 2013; Camacho-Zarco et al.

2015), because the tensor properties are determined by the

coordinating ligands and averaging is limited due to the two-

armed attachment. Therefore, in the final fit, we chose to

keep the Dvax and Dvrh fixed to the values determined from

the observed PCS as described above. The assumption that

Dvax and Dvrh remain constant is also physically meaningful

for reasons discussed later.

As mentioned, two possible solutions can be obtained,

depending on whether the initial subset of nuclei has

positive or negative DPCS. When a different subset of

nuclei is used to determine the initial v-tensor, the exact

same two solutions were obtained. One of these solutions

results in a significantly better agreement between

observed and back-calculated PCS (Table 1; Figure S3).

This solution is shown in Fig. 4. In conclusion, there is a

straightforward way to determine all signs iteratively,

Table 1 Changes in the Dv-tensor orientations and Ln positions

according to the two possible PCS solutions obtained from relaxation

dispersion data corresponding to different initial signs of Ddpara (see

also Figure S3)

Solution 1 Solution 2

Dhz 23� 31�
Dhx 7� 73�
Dhy 24� 81�
Ln(A) - Ln(B) 0.6 ± 0.2 Å 3.3±1 Å

Ln(A) - Ca(C18/C22) 6.9/7.7 Å 7.0/8.0 Å

Ln(B) - Ca(C18/C22) 6.7/7.6 Å 6.1/5.5 Å

Q (A) 0.103 0.083

Q (B) 0.073 0.335

All values are derived from relaxation dispersion data recorded at

308 K. Dhz, Dhx, and Dhy are the differences in angle between the z-,

x-, and y-axes, respectively, of the Dv-tensors of the major and minor

conformations A and B. All values are determined from a six

parameter fit to Eq. 1 with Dvax = 8.2910-32 m3 and

Dvrh = 2.3910-32 m3
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together with the structural parameters in the case where

the motion can be described by a few degrees of freedom.

The results show that motion of the Ln tag can account

for all the observed relaxation dispersion effects. The most

pronounced difference between the minor and major state

of the Ln tag is a 23� rotation of the z-axis around the x-

axis of the v-tensor (Fig. 4c; Table 1). In addition, the Ln

position moves *1 Å in a direction that is approximately

perpendicular to the Ca–Ca bond vector between the two

cysteines linked to the Ln tag, while the distance to the Cys

Ca atoms stays approximately the same. The orientation of

the x-axis remains largely unchanged. These findings show

that the tag is undergoing a sideways tilting motion.

Direct observation of the PCS for the higher energy

state

The temperature dependence of the exchange rate suggests

that the exchange occurs in the slow-exchange regime for

many residues at 278 K. Indeed, a second set of weak

signals appears in the 15N HSQC spectrum when the

temperature is lowered below 283 K (Fig. 5a).

The direct determination of the PCSs allows comparison

with those determined from the relaxation dispersion

experiments. In all cases, the sign of the DPCS predicted

from the dispersion data matches the observed one at

278 K. Also the magnitudes of the shifts are in good

agreement, although the directly observed DPCS are on

average 10 % larger than the relaxation dispersion derived

values (Fig. 5b). The slope of the linear fit shown in

Fig. 5b is 0.87 ± 0.02. A slope of one is only expected if

the PCS is temperature independent and furthermore the pB

value (0.2) is correct. If the PCS is assumed to follow a

Curie-like behavior (Bertini et al. 2002) the PCS is

expected to be 10 % larger at 278 K than at 308 K, which

accounts for the slope of 0.87 in Fig. 5b. The temperature

dependence can also be determined experimentally by the

slope of the linear fit to the CPMG derived PCSA versus the

Fig. 4 CPMG dispersion reports on two Ln positions. a The 1H PCS

difference between the major and minor conformation of CLaNP-5

tagged ADK. Red bars represent the experimental DPCS derived from

the CPMG measurements. The blue line represents the back-

calculated values from the two tensors and the two Ln positions

(c) determined from the experimental PCS of the major and minor

form, shown in b. b The experimental (dots) and back-calculated

(lines) PCS of the major (PCSA, blue) and minor (PCSB, red)

conformation of the tag. c The v-tensor frame and Ln position (sticks)

seen from two different angles of the major (dark colors) and minor

(light colors) conformation are shown together with the protein

(ribbon). The x-, y-, and z-axes are colored red, green, and blue,

respectively. The two views are rotated 90� relative to each other

around the y-axis. Both tensor frames are associated with Dvax and

Dvrh values of 8.2 9 10-32 m3 and 2.3 9 10-32 m3, respectively.

The grey sphere represents the Ln atom and the two Cys mutations of

the tag attachment are shown with yellow sticks
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directly observed, which is 0.91 ± 0.01 (Fig. 5c). This

measure is practically independent of pB and reflects the

average temperature dependence of the PCS. Corrections

for this temperature dependence result in a pB value of

0.18, in surprisingly good agreement with the value of 0.2

estimated from the dispersion measurements.

An example that illustrates the consistency between

directly observed shifts and the CPMG dispersion data is

the amide signal of Phe 5 in the 15N-TROSY spectrum at

278 K (Fig. 5a), which features fast, intermediate, and

slow exchange for different nuclei in the para- and dia-

magnetic proteins: In both the diamagnetic and paramag-

netic spectrum the signals of the major and minor state are

resolved, in agreement with the fact that both exhibit

relaxation dispersion at higher temperature. At 308 K

PCSobs, which is the experimental PCS measured between

the paramagnetic and the diamagnetic exchange-averaged

peaks, is 0.324 ppm and the values of |Ddpara| and |Dddia|,

derived from the relaxation dispersion experiments, are

0.164 and 0.043 ppm, respectively. The back-calculated

values from the Dv-tensor fit for PCSA and PCSB (the PCS

values of the pure A and B state, respectively) are 0.365

and 0.158 ppm (Table S2). Entering these numbers in

Eq. 7 with pB = 0.2 shows that solution I is the correct

solution for this residue. This solution corresponds to a

negative Ddpara value and a positive Dddia value, which

agrees with the observation at low temperatures (Fig. 5a).

Furthermore, the fact that the diamagnetic signal is in slow

exchange in the 1H dimension at 278 K suggests that at this

temperature kex is significantly lower than the rate at coa-

lescence, Dx/H2 = 120 s-1. In the 15N dimension, the

minor signal is shifted relative to the major state in the

diamagnetic spectrum. Thus, the exchange is intermediate

or slow in the diamagnetic protein, whereas in the

Fig. 5 Validation of the

CPMG-derived PCS.

a Examples of signals in the
15N-TROSY spectrum at 278 K

showing separate peaks for the

major and minor orientation of

the CLaNP-5 tag. Signals from

Yb- and Lu-labeled ADK are

colored red and blue,

respectively. The arrows

highlight the relevant shift

differences and their values as

measured in the spectrum

(black) and as determined from

CPMG relaxation dispersion

measurements at 308 K (green),

given in units of ppm. b The

CPMG-derived Ddpara values at

308 K versus the directly

measured values at 278 K.

c The PCS of the major

orientation (PCSA) obtained

from measurements at 308 K

and using Eqs. 7 versus the

values measured directly at

278 K. The slope of the fitted

line in c accounts for the overall

temperatures dependence of the

PCS
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paramagnetic protein the 15N nucleus is in fast exchange,

since the minor and major peaks occur at the same fre-

quency. Also, the minor signal appears sharper in the

paramagnetic spectrum. Although it may seem counterin-

tuitive that paramagnetism leads to line narrowing, such

findings are not unexpected. The back-predicted 15N PCS

of the minor and major states is 0.20 and 0.35 ppm,

respectively. Thus, DPCS = -0.15 ppm. Because the 15N

value of Dddia is opposite in sign to DPCS, the diamagnetic

and paramagnetic contributions to 15N Phe 5 partly cancel

and reduce the exchange broadening. The broader

appearance in the 15N dimension of the minor Phe 5 signal

in the diamagnetic protein confirms that the exchange is

close to coalescence. From the observed 15N shift Dddia is

about 0.13 ppm, which corresponds to a rate at coalescence

[35 s-1. Thus, kex is likely to be faster than 35 s-1, yet

slower than 120 s-1, which is in accord with a rate of

84 s-1 extrapolated from the dispersion data at higher

temperatures (Figure S4).

Movements in DOTA based Ln tags

The relaxation dispersion data show that the CLaNP-5-tag

bound to ADK(K18C/K22C) undergoes a 23� tilting

motion between two distinct orientations with populations

of 0.8 and 0.2, respectively, and an exchange with a rate of

400 s-1 at 298 K. Structural heterogeneity has been a

persistent problem in the design of Ln tags (Grey et al.

2003; Vlasie et al. 2007). From the current data, the

underlying mechanism of the CLaNP-5 motion cannot be

deduced, as long as high-resolution structures of the tag

attached to the protein are not available. Attempts in our

groups to obtain a crystal structure of the protein-attached

CLaNP-5 tag have been unsuccessful so far (unpublished

results). Most likely the motion involves the linkers by

which the Ln-cage is attached to the protein backbone. If

conformational changes occur within the linkers, it is likely

that also the Ln cage reorients (Fig. 6a). A possibility is

that the disulphide bridges assume different rotameric

states. Rotamerization of disulphide bonds on the ls–ms

time-scale has been observed in proteins (Grey et al. 2003).

However, the linkers themselves may not be the direct

cause to the conformation change. DOTA based Ln cages

(like CLaNP-5) are known to undergo a combination of

coordinated ring-flips and reorientations of their four che-

lating arms (Fig. 6b) (Aime et al. 1992). These movements

result in a dynamic equilibrium between two enantiomer

forms of the Ln cage (Natrajan et al. 2010). A previous

study showed that the CLaNP-5 tag not attached to a

protein and loaded with Eu3?, undergoes enantiomerization

with an exchange rate of 200 s-1 at 298 K (Hass et al.

2010). The mirror symmetry ensures that the v-tensor and

the populations are the same for both observed forms of

CLaNP-5. Yet, when bound to a protein, the symmetry is

broken and together the tag and the protein form a pair of

diastereomers. As illustrated in Fig. 6b the orientation of

the DOTA structure differs for these two diastereomers.

This symmetry breach may skew the populations signifi-

cantly, for instance by destabilizing one of the diastereo-

mers, so they become similar to those observed here (0.8

and 0.2). Also the exchange rate may be affected by the

symmetry breach. Hypothetically, if the transition state of

this process remains unaffected, the exchange rate becomes

500 s-1—comparable to the rate observed here. The degree

of stabilization of one diastereomer relative to the other

would in this scenario depend on the properties of the

attachment site and the linkers. Both models in Fig. 6

account for the differences in dynamics reported for vari-

ous attachments of the CLaNP-5 tag (Hass et al. 2010). In

both cases the conformational change has little effect on

the local environment of the Ln. Therefore it is reasonable

to assume that Dvax and Dvrh are the same for both the

major and minor conformation.

Conclusions

The results show that CPMG relaxation dispersion in

paramagnetic systems can be used to obtain accurate

quantitative PCSs of higher energy conformations. The

major advantages of CPMG dispersion with lanthanide

tagged proteins are illustrated: (1) Detailed structural

information about the higher energy state can be obtained

and (2) larger dispersion amplitudes than observed for

diamagnetic systems can be achieved.

Our results also point toward an inherent problem that

yet needs to be solved, in order to observe PCS suitable for

structure calculation of minor states. Even with a two-point

attached probe like CLaNP-5, mobility on the ls–ms

timescale can be a problem. In this study we show that a

relatively modest 23� tilting motion of the tag results in

dispersion effects throughout the protein. Two possible

mechanisms for this motion are given. Either tag move-

ment results from a conformational equilibrium of the

linkers, e.g. between different rotamers of the disulphide

bond, or the tag movement is caused by the enantiomer-

ization of the Ln cage. Although tag motions observed here

with relaxation dispersion have major implications for the

observation of higher energy states of proteins, it should be

emphasized that their impact on ground states studies

remains minor. The fit of predicted vs. observed PCS to a

single tensor is excellent and the size of the axial compo-

nent of the Dv is not reduced significantly, indicating that

the PCS averaging effect over the two states is very small.

The CLaNP tags have been successfully used to structur-

ally characterize proteins and protein complexes, assuming
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a single effective v-tensor orientation (Keizers et al. 2007,

2008; Xu et al. 2009; Keizers et al. 2010; Dasgupta et al.

2011; Bertini et al. 2012; Liu et al. 2012; Hiruma et al.

2013).

The tag mobility observed in this study may be a

property of the linkers. If this is the case, the problem may

be solved by altering the mobility of the linkers, thereby

moving the mobility of the tag out of the time window in

which relaxation dispersion is sensitive. Probes attached

via more flexible linkers may only exhibit dynamics on

shorter time-scales. Such tags, however, often have ill-

defined positions, leading to averaging effects that could

complicate the interpretation of the minor state PCS in

structural terms. More bulky tags may have limited

mobility due to a large number of interactions with the

protein (Koehler and Meiler 2011). Yet, large tags have the

disadvantage that they may influence the intrinsic motions

of the protein. If the tag mobility is caused by intrinsic

motions of the Ln site, such as the enantiomerization of Ln

cage, it may be a solution to use rigidified Ln cages, for

example by methyl groups to the cyclen ring and/or the

pendant arms (Haussinger et al. 2009). As we found cases

in which the mobility of CLaNP-5 can be small enough to

yield useful relaxation dispersion data on intrinsic protein

motions (Hass et al. 2010), it may be possible to establish

rules for probe attachment sites that define such low

mobility locations on the protein surface. We further pur-

sue these various possibilities, motivated by the great

potential of paramagnetic relaxation dispersion for struc-

tural characterization of lowly populated states.
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