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Snapshot of the future: The measure- Structure Determination Complex Interfaces H. G. Hocking, K. Zangger, T. Madl*
ment of solvent paramagnetic relaxa-

tion enhancements (sPRE) is a powerful ‘ SE-EE

and versatile method in the biomolecu- 4 Studying the Structure and Dynamics
lar NMR spectroscopy toolkit (see pic- / v of Biomolecules by Using Soluble
ture). sPRE can complement sparse data Solvent 0 42 Paramagnetic Probes

obtained from other NMR spectroscopy / PREs
methods with minimal extra experimen-
tal setup costs. An overview of the
theory and applications of sPRE in struc-
tural biology is presented.
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Studying the Structure and Dynamics of Biomolecules by
Using Soluble Paramagnetic Probes

Henry G. Hocking,* ™ Klaus Zangger,"” and Tobias MadI** ™4

Characterisation of the structure and dynamics of large bio-
molecules and biomolecular complexes by NMR spectroscopy
is hampered by increasing overlap and severe broadening of
NMR signals. As a consequence, the number of available NMR
spectroscopy data is often sparse and new approaches to pro-
vide complementary NMR spectroscopy data are needed. Para-
magnetic relaxation enhancements (PREs) obtained from inert
and soluble paramagnetic probes (solvent PREs) provide de-
tailed quantitative information about the solvent accessibility

1. Introduction

With the development of NMR techniques that enabled the
spectroscopic characterisation of larger biomolecules, conven-
tional structural approaches that relied mainly on NOE-based
distance information reached their limits due to increasing
signal overlap and the need for deuteration, which reduced
the number of observable '"H-"H NOE cross-peaks. Recent ach-
ievements in advanced sample preparation strategies, and the
incorporation of alternative restraints, such as residual dipolar
couplings,!"! and paramagnetic data'? have overcome some of
these limitations and provide a toolbox that can complement
and, in some favourable cases, replace sparse NOE-based dis-
tance data. However, these approaches require sample modifi-
cations, such as the addition of external alignment media, in
the case of residual dipolar couplings (RDCs), or the placement
of covalently attached tags, in the case of paramagnetic data.
In contrast, paramagnetic relaxation enhancements (PREs) ob-
tained from soluble and freely diffusing agents [solvent PREs
(sPREs)], such as ions, organic radicals or metal chelates yield
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of NMR-active nuclei. Solvent PREs can be easily measured
without modification of the biomolecule; are sensitive to mo-
lecular structure and dynamics; and are therefore becoming in-
creasingly powerful for the study of biomolecules, such as pro-
teins, nucleic acids, ligands and their complexes in solution. In
this Minireview, we give an overview of the available solvent
PRE probes and discuss their applications for structural and dy-
namic characterisation of biomolecules and biomolecular com-
plexes.

long-range distance information that can be used in structural
and dynamic characterisation of biomolecules and biomolecu-
lar complexes. Additionally, sPREs can be tuned by variation of
probes and/or concentration. Although this technique has
been known for several decades, a rapidly growing number of
developments and applications have been published in recent
years. Herein, we provide an overview of available sPRE
probes, their application in structural and dynamic studies of
biomolecules and their complexes, and potential future appli-
cations in biomolecular science.

Nuclear paramagnetism is mediated by the magnetic
moment of unpaired electron spins. This electron gyromagnet-
ic ratio is approximately 660 times larger than the gyromagnet-
ic ratio of protons. Various paramagnetic effects have been ex-
ploited for NMR spectroscopy studies, of which the PRE, the
pseudo-contact shift (PCS) and the RDC are the most common-
ly used paramagnetic data.”’ The possibility of obtaining any
of the data depends on the magnetic susceptibility tensor (y)
of the paramagnetic centre, reflecting the variation of its mag-
netic moment with different orientations of the molecule in
the magnetic field? (i.e. isotropic, no variation; anisotropic,
variation) and the nature of the interaction between the para-
magnetic agent and the co-solute diamagnetic molecule.”’ In
the case of soluble paramagnetic probes, the probe can either
form a transient, non-specific, yet rotationally correlated, com-
plex with the diamagnetic molecule (i.e. the biomolecule) or
freely diffuse in solution. Depending on which of these interac-
tions applies, either the inner- (rotationally correlated) or
outer-sphere (purely diffusive) relaxation model is used to
quantitatively describe the sPRE. Whereas the outer-sphere
model has to be applied to certain small molecules, sPREs of
biomolecules and their complexes are best described by the
inner-sphere model.””

ChemPhysChem 0000, 00, 1-14
These are not the final page numbers! 77


www.chemphyschem.org

PHYS

The PRE is governed by two mechanisms: the pure dipole-
dipole Solomon-Bloembergen contribution®™ and the Curie
spin contribution.>® The degree to which the relaxation en-
hancement is affected by either of these contributions de-
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pends on the relative magnitudes of the spin relaxation time
of the electron, T,,, the lifetime of the intermolecular complex,
7., and the rotational tumbling of the solute molecule, 7y
[Eq. (1].
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The Curie relaxation component, also known as y relaxation,
only becomes important if T, is at least four orders of magni-
tude shorter than the rotational correlation time, 7z In the
case of most ideal solvent paramagnetic probes, the Solomon-
Bloembergen contribution predominates, in part, due to
a long lifetime of the electronic spin state. In this case, assum-
ing that the Curie spin contribution can be ignored, the PRE is
defined as an additional contribution to relaxation [Eq. (2)]:

r,_ _ R;Jara _ R;jia (2)

in which R and R™" are the longitudinal (i=1) and transverse
(i=2) relaxation rates for the biomolecule in the diamagnetic
and paramagnetic states, respectively.

The overall T, relaxation rate of the nucleus can be written
as (inner-sphere relaxation model) shown in Equation (3):*"
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and the T, relaxation rate of the nucleus can be written as
shown in Equation (4):
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in which u, is the magnetic permeability of a vacuum, y, is the
gyromagnetic ratio of the spin of interest, g, is the Landé
factor, ug is the Bohr magneton, J is the total angular momen-
tum of the paramagnetic centre (e.g. J=7/2 for Gd*"), r is the
distance between the nucleus and the paramagnetic centre
(Figure 1), 7, is the effective correlation time for longitudinal
relaxation, 7, is the effective correlation time for transverse re-
laxation, and w, and ws are the nuclear and electronic Larmor
frequencies, respectively, with the approximation that ws> w,.

In cases for which the paramagnetic agent and the co-solute
do not interact, a purely diffusive model, also referred to as
the outer-sphere model,” needs to be considered in which the
observed PRE effects are only dependent on the steric accessi-
bility of the observed nuclei and the molar concentration of
the paramagnetic agent.”

In this model, I'; and I, can be written as shown in Equa-
tions (5) and (6):
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Gd(DTPA'BMA) 7.=28024 MHZ.T"

Figure 1. The sPRE effect on a macromolecule. Paramagnetic centres {e.g.
gadolinium diethylenetriaminepentaacetic acid-bismethylamide [Gd(DTPA-
BMA)]} are shown as red spheres. The red arrow indicates increasing PREs
from the interior to the solvent-accessible area of the biomolecule. Key pa-
rameters of Equations (3), (4), (7) and (8) are shown.
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in which j(w) is defined by Equation (7):

jilw) =
14+ 1/4fiot + (1/Ts)]"?

Equation (3) or (4), depending on the type of relaxation
[Eq. (8)1:1*!

j=1.2 (8)

a:
I = r%
For sPREs, under conditions that approximate the inner-sphere
model, the sPRE values are determined from the integral over
the entire solvent volume. The sPRE can be analytically derived
for a few special cases, such as for a planar surface, including,
to a good approximation, the surface of a large spherical
system, such as a micelle. By using a coordinate transformation
to spherical coordinates, the volume integration yields Equa-
tion (9):

oo T 21
1, 1 47
/ rfsd r= / / / sin 0drdod ¢ m 9)
o(v) F=ry(¢) 6=0 $=0

in which 6 and ¢ are the angles in the spherical coordinate
system, r is the distance between the nucleus and the para-
magnetic centre, d is the sum of the distance of the nucleus
from the surface of the sphere and the radius of the sphere,
and r,,,, is the hydrodynamic radius of the paramagnetic com-
pound. Although the sPRE drops off rapidly with increasing
distance, much larger distances (> 15 A) can be extracted than
those measurable by more conventionally used 'H-'"H NOE.*"’
Because the sPRE scales linearly with the concentration of the

paramagnetic probe, higher distances can be re-

Re{1 Y [t + (o/T5)] P 4/9iwe + (t/Ts)] +1/9iwr + (o/T5)] "

(7)

N, is the Avogadro number, [S] is the molar concentration of
electron spins, P is a steric factor that accounts for the accessi-
bility of the nuclear spin, T is the electron spin relaxation
time, b is the distance of closest approach between the elec-
tron and nuclear spin, D is the relative translational diffusion
constant, T=b%D is the diffusion correlation time, and Re rep-
resents the real component of the spectral density function
ji{w). Notably, in some cases, predictions based on the diffu-
sional relaxation model might not correlate well with experi-
mental data due to the approximation that treats molecules as
rigid and spherical and neglects electrostatic interactions.””
The dipole-dipole relaxation mechanism between the lone
electron and the nucleus, as described in the Solomon-Bloem-
bergen contribution, increases the relaxation rate of the nu-
cleus. Because the resonance linewidth is proportional to the
transverse relaxation rate R,, resonances of nuclei in proximity
to the paramagnetic centre will broaden. An increase in R,
leads to faster recovery of magnetisation. For a single para-
magnetic probe, and assuming the inner-sphere relaxation
model, this effect has a r™® distance dependence [Eq. (8)]. The
constant a; accounts for the combination of all terms in either

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

are, in principle, only bound by the solubility limit of
the probe itself.

Back-calculation (or prediction) of sPREs is an es-
sential step in assessing the accuracy of a sPRE-de-
rived model. Pintacuda and Otting predicted R,
values from Equation (2) by using a grid based approach, in
which the effective distance, r, between each protein proton
and all probe accessible sites within 10 A of the protein was
determined.”® This effective distance is derived from the aver-
age value of r; % in a given NMR conformer, where r; is the dis-
tance between a proton and a grid point i (1 A point spacing).
This method can be implemented in a computationally fast
way (HartImiller, Madl, unpublished data) and is generally ap-
plicable to a wide variety of applications, including structure
validation, structure calculation and docking of biomolecular
complexes. Varrazzo et al. found a weak correlation between
the atom depth and its paramagnetic attenuation that was re-
stricted mainly to the innermost atoms of a biomolecule.”’ In
the protocol used by Tjandra et al. (see below) the back-calcu-
lation of sPRE values (I') was obtained from an implicit energy
function relating a metric for solvent accessibility of a nucleus
to its sPRE value."” This metric can be readily derived from
each NMR conformer because it directly reflects the level of
‘crowdedness’ of a nucleus from neighbouring heavy atoms
[see Eq. (11)]. The great advantage of this approach is that the
formulae can be differentiated and used in molecular dynamics

} solved with higher concentrations of the probe and
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based structure calculations (see Section 3. Applications of
sPREs).

2. sPRE Probes

To obtain high-quality sPRE data for further structural and dy-
namic studies of biomolecules and their complexes, sPRE
probes have to meet several criteria: 1) chemical inertness over
a wide range of pH and buffer conditions, 2) lack of specific in-
teraction with certain functional groups (e.g. charged amino
acids of proteins), and 3) high water solubility.

The choice of the size of the probe can influence the granu-
larity of mapping of the solvent accessibility. In the most ex-
treme cases, the probe can be small enough to partially pene-
trate a lipid membrane environment or the hydrophobic re-
gions of a protein, for example, leading to concentration gradi-
ents that can be harnessed to monitor protein or peptide
membrane insertion depths. In this section, we present an
overview of the various probes used to this effect.

2.1. Oxygen

Oxygen presents distinct advantages as a sPRE probe owing to
its small size and ubiquitous nature. However, one needs to
bear in mind that significant PREs on 'H and 'F can only be
observed at pressures of 20-60 bar." Additionally, analysis can
be obscured by the inherent electrostatic bias that predomi-
nates the interaction between oxygen and the solute. A range
of applications have been published in recent years, such as
studies of the solvent exposure of folded and unfolded protein
states,l'? surface free energy differences of proteins,™ and im-
mersion depths of membrane-bound peptides and proteins.'"

2.2. First-Row Transition-Metal lons

The use of paramagnetic metal ions in NMR spectroscopy has
predominantly been borne out of the study of metalloproteins.
First-row transition-metal complexes exhibit linewidth broad-
ening through PRE; the degree of line broadening is depen-
dent on the electron spin correlation time (e.g. Mn** long T,
strong broadening; Ni?*, short 7,,, weak broadening)."” How-
ever, the contact shift tends to be very large, even predominat-
ing over the pseudocontact mechanism, which makes these
metal ions useful as shift reagents."® The small size of the first-
row transition-metal ions allows for their diffusion into lipid
membranes. This diffusion, although somewhat limited, estab-
lishes a concentration gradient across the water-lipid interface.
A corresponding paramagnetic gradient is established, which
allows for the probing of peptide and protein membrane inser-
tion. Various metals and metal chelates (Table 1) have been
used in different applications to determine the localisation of
peptides and proteins in micelles or lipid bilayers,”"” and to en-
hance the sensitivity of NMR spectroscopy experiments.'’?

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2.3. Aminoxyl Radicals

Aminoxyl radicals, generally incorrectly referred to as nitroxide
radicals, comprise a class of compounds that have the aminox-
yl moiety R,NO" in common® (Table 1). Early studies of para-
magnetic relaxation effects on small biomolecules, such as
DNA and cyclic peptides, used relatively simple organic ami-
noxyl radicals as PRE probes, such as DTBN and 3-oxyl-2,2,4,4-
tetramethyloxazolidine (Table 1)."® TEMPO-derived compounds
have long been used as a covalent spin label in paramagnetic
NMR spectroscopy studies."” For use as a sPRE probe, the hy-
drophobic propensity of TEMPO has been reduced by the ad-
dition of polar functional groups to the ring structure. Several
of these TEMPO derivatives and their use in sPRE studies are
presented in Table 1. The stable aminoxyl radical TEMPOL is
a hydroxy derivative of TEMPO sometimes referred to as Hy-
TEMPO. TEMPOL is uncharged but more water soluble than
TEMPO; this makes it a better-suited probe for sPRE studies of
biomolecules such as proteins,“*2? RNA®" and enzyme-inhibi-
tor complexes.”? However, in addition to inducing PREs,
TEMPOL has been shown to induce chemical shift changes'**
at low mM concentrations, indicating transient specific binding
consistent with the inner-sphere model described above. A
preferential binding for exposed negatively charged amino
acids has been observed for 4-amino-TEMPO, whereas 3-car-
boxy-PROXYL was more prone to bind a solvent-accessible
positive patch on the protein.?? Owing to weak electrostatic
interactions with the protein, these charged radicals were
thought to be more efficient in penetrating the hydration shell
that surrounds the protein compared with more hydrophobic
TEMPOL and, as such, a comparison of the sPRE profile in-
duced by each of these agents could provide a powerful
means of investigating protein hydration.”” Despite the failure
of these compounds to act as neutral sPRE probes, they are
nonetheless thought to be useful as a coarse tool to map local
electrostatic fields of proteins by NMR spectroscopy.” Ami-
noxyl radicals attached to lipophilic anchors have also been
developed to monitor amphipathic peptides and membrane
proteins in lipid micelle environments.['’><27

2.4. Gd" Chelates

Gadolinium is a paramagnetic lanthanide and is the only ele-
ment in the lanthanide series to have a vanishing anisotropic
component in its magnetic susceptibility tensor, and thus,
does not induce PCS.23*28 Of all lanthanides, it also has the
largest radius of influence for PRE. It is thus well suited as
a probe for the measurement of PREs. Various stabilising che-
lating cages have been developed to shield the toxicity of Gd"
in magnetic resonance imaging (MRI) applications.”” The high
chemical stability, high molar relaxivity and low hydrophobicity
of Gd" chelates has led to their development as safe MRI con-
trast agents with suitable in vivo diffusion properties.®® The
stronger paramagnetism of Gd" agents, compared with ami-
noxyl radicals (J=7/2 for Gd**, J=1/2 for aminoxyls), allows
the use of lower concentrations of the former to obtain the
same effect. In most cases, the chelated Gd" ion presents

ChemPhysChem 0000, 00, 1-14
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Table 1. Common paramagnetic probes.

Probe name® Paramagnetic  Molecular structures® T [s]  Reference
group
oxygen '0,” ~107"% [11-13,14b]
manganese chloride manganese(ll) 108 [15,17b,c]
107°
nickel acetylacetonate nickel(ll) ~107"? [17a)
nickel 1,7-dicarboxymethyl-1,4,7,10-tetraazacyclodode- . JUPPRT:
cane (N?*-DO2A) nickel(ll) ~10 [30]
di-tert-butylaminoxyl (DTNB) R,NO* ~107 [18a]
3-oxyl-2,2,4,4-tetramethyloxazolidine R,NO* ~107 [18b]
4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) ~ R,NO’ ~1077 [4a,20,22,23,31]
4-amino-2,2,6,6-tetramethylpiperidin-1-oxyl R,NO’ ~1077 [24,26a]
4-carboxy 2,2,6,6-tetramethylpiperidin-1-oxyl R,NO* ~107 [26a]
0
3-carboxy 2,2,5,5-tetramethylpyrrolidine-1-oxyl R,NO’ ~107  [24]
§
16-doxyl stearic acid (16-DSA) R,NO" - ~1077 [17b,c,27]
o
5-doxyl stearic acid (5-DSA) R,NO’ ~107 [17b,c,27]
gadolinium ethylenediaminetetraacetic acid [Gd- - PP
(EDTA) ] gadolinium(lll) ~10 [32]
gadollr;ium diethylenetriaminepentaacetic acid [Gd- gadolinium(ill) o ~10°  [29,31]
(DTPA)*"]
gadolinium tetraazacyclododecanetetraacetic acid [Gd- " 18
(DOTA) ] gadolinium(lll) ~10 [27,33]
Gd(DTPA-BMA) gadolinium(lll) NH ~10° [4a,34]

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. (Continued)

Probe name® Paramagnetic

group

gadolinium 4,7,10,23,26,29-hexakis(carboxylmethyl)-
2,12,21,31-tetraoxo-1,4,7,10,13,-20,23,26,29,32-
decaazatricyclo[14,20]-p-xylene [Gd2(L7)]

gadolinium(lll)

Molecular structures®

The [s] Reference

~10"® [20g,35]

[a] Commonly used abbreviations are given in parentheses. [b] Molecular structures were generated by using ChemDraw.

a free coordination site that can be occupied by water
(Table 1). The charged Gd" chelates commonly used as sPRE
probes include GA(EDTA)",5? Gd(DTPA)> 3" and Gd(DOTA)~
(Table 1).5¥ GA(DOTA)™ is a cyclic Gd" chelate with greater in
vitro stability than that of Gd(DTPA)?~ or Gd(EDTA)~.*¥ Howev-
er, all compounds possess strongly ligating carboxylate groups
that are likely to increase crowding at the water-binding site
to facilitate water exchange.” Under such a regime, the free
coordination site would be available for protein binding, which
could explain the observed preferential binding, for example,
of GA(DTPA)*~ to carboxyl and amide groups.®" Indeed, sup-
porting this view of an inner-sphere model of binding is the
fact that the DTPA chelator has been successfully used in the
development of shift agents using other lanthanides, for exam-
ple, Dy(DTPA).B7

To avoid the intrinsic charge interaction bias found in ami-
noxyl radicals and charged Gd" chelates, the more neutral Gd-
(DTPA-BMA) is often preferred. A derivative of Gd(DTPA)?~, Gd-
(DTPA-BMA) is currently the most commonly used of the Gd"
chelates (Table 1). Unlike Gd(DTPA)*~ and other charged che-
lates, Gd(DTPA-BMA) presents no interaction bias towards cer-
tain functional groups.”? Furthermore, owing to its low hydro-
phobicity and high stability, Gd(DTPA-BMA) has been adopted

53 Hp: 1.54 mM’'s”

His203 He: 0.81 mM's”

Lys251 Hy: 0.48 mM’s"

1le333 H3: 0.15 mM's”

2 . 9

¥ Met336 He: 0.05 mM's"

0 1 2 3 4 5 6 7 8 9 10
Paramagnetic Agent Concentration / mM

as an intravenous MRI contrast agent under the commercial
name of Omniscan (GE Healthcare). Compared with TEMPOL,
and most likely other aminoxyl radicals, Gd(DTPA-BMA) corre-
lated better with predicted sPRE values based on an inner-
sphere interaction model.* In the same study, the authors
demonstrated, with a shift-inducing lathanide, Dy(DTPA-BMA),
that no shift perturbations, and thus, no intermolecular ad-
ducts were formed between the lanthanide chelate and ubig-
uitin; this is also unlikely in the case of Gd(DTPA-BMA). A simi-
lar conclusion regarding the merits of Gd(DTPA-BMA) over
TEMPOL in correlating predicted sPRE values to those observed
was reached in a study of the surface accessibility of the arch-
aeal protein Sso7d.** To facilitate probe exclusion from inter-
molecular surfaces in macromolecular complex studies, a larger
neutral Gd" chelate, Gd2(L7), with two lanthanide ions for
higher relaxivity has been developed (Table 1).2°93 Similar to
Gd(DTPA-BMA), Gd2(L7) did not show preferential amino acid
interactions when mapping protein surface accessibility.

3. Applications of sPREs

sPREs of biomolecules are typically measured as differences in
relaxation rates (R;, R,) or signal intensities in the presence of

Figure 2. a) Paramagnetic relaxation as a function of Gd(DTPA-BMA) concentration. The increase of R, is shown for selected protons of the 42 kDa maltose-
binding protein (MBP). Relaxation rates were measured by using a saturation-recovery scheme, preceding an HSQC-based detection block. b) The residues for
which R, enhancements are shown in a) are labelled. All available experimental PREs are mapped onto the structure of MBP (red =low PRE, blue =high

PRE)."!

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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increasing concentrations of the paramagnetic probe and can
be obtained for any type of NMR-active nucleus (e.g. 'H, "C,
3'P; Figure 2).°8 Any type of NMR spectroscopy experiment
can be used, as long as an R; or R, measurement block is ap-
pended to the pulse program (Figure 3). Typically, R, relaxation

a)

Nucleus ("H/*C/*'P)

p—
p—

- -
A

Gz

b)

Nucleus ("H/*C/*'P)

Figure 3. a) Saturation recovery and b) Carr-Purcell-Meiboom-Gill (CPMG)
building blocks used for R, and R, measurements. All narrow (wide) shaped
pulses are applied with flip angles of 90° (180°) along the x axis, unless indi-
cated otherwise. Phase cycling was as follows: 1 8(x), 8(—x); $2 8(y), 8(—y,
A =455 ps. Any readout building block can be appended after the satura-
tion recovery delay, 7, or the CPMG cascade. All gradients were applied
along the z axis.

measurements are obtained from a saturation-recovery block,
whereas R, measurements are obtained from a CPMG block. In
many cases, more than one paramagnetic probe is used to
gain a more accurate description of the system studie-
d.Ha2002431.34 Although many seminal studies of sPRE were per-
formed by using proton 1D NMR spectroscopy (see above),
more commonly 2D NMR spectroscopy has been the method
of choice in the detection of sPRE effects. These 2D experi-
ments include CleanTOCSY,*® DQF-COSY,®" inversion recovery
1H_13C HMQC,[ZZ] 1H_13C HSQC’[4,20c,g] 1H_15N HSQC’[4b,1O,24,34,39] 2D
NOESY,2*! 'H-"*"N TROSY®" and 'H-"°N CRINEPT-HMQC."”

PREs of transverse relaxation (I';) can be further obtained
from fitting signal intensities / at different probe concentra-
tions to Equation (10):

1 dia
I~ e o, e (e (10)
in which R is the transverse relaxation rate in a diamagnetic
environment, ¢ is the concentration of the paramagnetic
agent, and 7 is the total time during which nuclear spin mag-
netisation is transverse (e.g. during the INEPT steps of the
pulse sequence). Substituting I', into Equation (4), and through
rearrangement, one obtains the distance to the surface when
assuming that an analytical solution can be derived (e.g. in
case of a planar surface). Although an analytical expression
cannot be obtained for a molecule of arbitrary shape, a minimal

boundary for the distance to the surface can be obtained.”"

3.1. Structure Validation

sPRE can be a useful means of validating structures. In a study
of a membrane-embedded antimicrobial peptide using sPRE,

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Respondek et al. observed a periodical wave-like pattern in the
paramagnetic relaxation data that corresponded to the helical
region of the peptide and were able to use this to determine
the orientation of the peptide in a micelle (see below).B*’ This
observation can be generalised to any a-helix that is exposed
to two environments that differ in their level of solvent accessi-
bility (e.g. in a micelle or in a soluble protein). An example of
this periodicity can be seen for the Qual homodimer in the
helical region spanning residues 119 to 131 (Figure 4). The ac-
curacy for any given structure can be generally assessed by
comparing back-calculated sPRE data to observed sPRE data.
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Figure 4. a) "H-""N HSQC of the Qual domain from the Samé8 protein in
the presence of 0 (black) and 10 mm Gd(DTPA-BMA) (red), 1D traces of se-
lected resonances are shown in the inset; NMR spectra were recorded at
600 MHz and 298 K, with 2048 x 200 points, 8 scans and a '°N dimension
spectral width set to 6 =20 ppm and centred at 6 =119 ppm. b) Observed
(blue circles) and back-calculated (red squares) PRE values per residue and
their mapping on the Qua1 structure (red =low PRE, blue =high PRE). Se-
lected amide resonance traces from a) are mapped on the structure. sPREs
were obtained from the 'H R, values measured by using a saturation-recov-
ery scheme preceding a 'H-"°N HSQC-based detection block (recovery times
between 0.01 and 4.0 s) at concentrations of 0, 1, 2, 3, 4, 5, 7 and 10 mm of
the soluble paramagnetic agent Gd(DTPA-BMA). Back-calculation and data
analysis was carried out according to the procedure reported by Madl

et al.l*’

3.2. Spectral Editing by Using sPREs

The directly observable broadening effect of sPRE agents on
the signals of solvent-accessible solute protons has led to their
convenient use as a tool for spectral editing. This can be bene-
ficial in the study of biomolecular systems for which significant
signal overlap can hamper the assignment process, as is often
the case in large systems or disordered regions of proteins. An-
other use for this type of spectral editing can be in monitoring
transient biomolecular interactions. Using yeast ubiquitin in
the presence of different concentrations of Gd(DTPA-BMA),
Kellner et al. demonstrated that "*N-HSQC-type spectra (includ-
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ing ""N-edited NOESY) could be readily simplified to selectively
distinguish ordered globular domains from disordered and sol-
vent-accessible tails or linkers; thus facilitating the interpreta-
tion of the otherwise crowded region of the spectra that corre-
sponded to the disordered regime of the chemical shift (6 ~ 8-
9 ppm for HY).B%! |n the case of Qual (see above), residues lo-
cated at the solvent-exposed termini can be readily distin-
guished from residues buried in the solvent-protected dimer
interface by monitoring differences in their intensity profiles at
short recovery times in paramagnetic and diamagnetic envi-
ronments (Figure 5).
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Figure 5. Recovery of equilibrium magnetisation for A121 and S133 amide
resonances of Qua1 in 0 (black squares) and 10 mm of Gd(DTPA-BMA) (red
circles).

3.3. Enhancement of NMR Signals by Using sPREs

The “enhancement” of NMR signals of large or intrinsically dis-
ordered proteins has been investigated by using various sPRE
agents.l'>3%4041 Eor hiological macromolecules, T, relaxation
times are typically much longer than those of T,. With a choice
of suitable paramagnetic agent, T, can be shortened without
having a significant effect on line broadening. However, it is
important to note that signal enhancement strongly depends
on the surface accessibility of residues, which translates into
a great enhancement on the surface, and a low enhancement
in the interior of biomolecules. In the presence of Gd*, the re-
duced 'C T, relaxation times of a uniformly deuterated and
>N-"3C labelled 44 kDa trimer enabled the use of shorter recy-
cling delays in direct carbon-detected experiments without
compromising '*C T, relaxation times.""” However, for 'H reso-

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nances, the use of Gd®** complexes can cause significant line
broadening owing to the long electronic relaxation time of the
agent (nano- to microseconds). This was observed in a study
of the 800 kDa GroEL when using Gd(DOTA)™ as an additive to
assist in selective water suppression.*® In the presence of
1 mm Gd(DOTA)", the water T, value is reduced tenfold with-
out a significant reduction in the protein signals. However, at
larger concentrations of the sPRE agent, significant line broad-
ening from increased transverse relaxation rates of protein res-
onances, particularly those originating from surface-exposed
residues, countered the benefits obtained from water suppres-
sion. Notably, sPRE-induced water suppression was not as pro-
nounced in a solvent that comprised uncomplexed Gd**.

In the presence of paramagnetic agents with short electron-
ic relaxation times (pico- to nanoseconds), such as Ni**, the
proton-detected experiments do not suffer from the line-
broadening effect observed with Gd** complexes. Cai et al.
used the paramagnetic Ni** chelate, Ni**(DO2A), to allow
faster recovery of the protein equilibrium magnetisation; thus
allowing a shortened interscan delay (0.5 s) for HSQC, HNCA
and CBCA(CO)NH experiments with water-flip back pulses."
Ni>"(DO2A) also significantly decreased the T, of water, and
thus, provided additional sensitivity gain by eliminating the
saturation of labile amide resonances. The authors noted that
Mn?T(DO2A) induced a similar degree of proton R, enhance-
ment at lower concentrations than that of Ni*"(DO2A), but
also significantly decreased the proton T, for most residues.
They also noted that using the Ni(EDTA)>~ complex resulted in
specific interactions of the paramagnetic species with the pro-
tein and speculated that the non-neutral chelator EDTA was
more likely to form electrostatic interactions with the protein.

Fast 2D NMR spectroscopy experiments, 'H-'°N SOFAST-
HMQC and carbon-detected (H-flip) *CO-"N, use selective ex-
citation pulses on the protein signals to enhance the rate of re-
covery of longitudinal magnetisation.*? As a result, these
methods allow shortened interscan delays, which in turn trans-
late into improved signal intensities per unit of experimental
time. In the presence of Ni?*(DO2A), an even faster recovery of
equilibrium magnetisation was induced by the sPRE agent on
the NMR signals of intrinsically disordered proteins when using
these 2D methods.®” Reported signal enhancements were
about 1.9-fold for 'H-""N SOFAST-HMQC™"* and about 1.7-fold
for H-flip 3CO-"5N.#2®!

3.4. Structure Determination by Using sPREs

Several methods have been developed to implement the sPRE
as a distance restraint in protein structure calculations (Fig-
ure 6).41%**! When an inert paramagnetic probe is used, the
inner-sphere relaxation (or second-sphere interaction) model is
used to relate the distances between the probe and the solute
with the PRE.

The most recent approach for structure calculation by using
sPRE data uses an empirically determined solvent accessibility
potential developed for the use of PRE data in Xplor-NIH.'”
This approach removes the need for an explicit probe in the
annealing protocol by replacing it with an implicit energy term
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Figure 6. NMR structural ensembles for a) ubiquitin
a complex with B-cyclodextrin®®”
ment.

that reflects the solvent accessibility (directly related to the
“crowding” of neighbouring atoms) for each residue. Residues
that are located near or at the protein surface tend to have
fewer heavy atoms within a certain distance cutoff (R) com-
pared with buried residues. This can be expressed in terms of
a simple metric that could stand-in for solvent accessibility
[Eg. (11)]:

C 1 -
Stee = [ 7] )

in which r, is the distance (in A) between and amide proton
and a non-intra-residue heavy atom i. By using well-defined
ubiquitin structures and a cutoff distance, R, of 20 A, the cal-
culated solvent accessibility correlates well (R=0.86) with sPRE
data, Tpre (in s7'mm™"), yielding an empirical function for the
effective surface area [Eq. (12)]:

Sm . = 0.353 Tppe +0.128 (12)

By using this empirical function, a solvent accessibility po-
tential can be implemented as a new energy term E, . within
the Xplor-NIH structure calculation protocol [Eq. (13)]:

Eree = k(Sch_Sch)z (13)

in which the force constant, k, was optimal at 300 kcal A=

Using NMR spectroscopy structures of the homodimer Quaf,
the authors further expanded the methodology to protein
complexes. The empirical function correlating I'pge to effective
surface area yielded the linear relationship given by Equa-
tion (14) with an R of 0.82:
Sm o = 0.123 Tppe +0.132

(14)

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

b) Qual homodimer and c) maltose binding protein in
before (left panels, light orange) and after (right panels, light blue) sPRE refine-

In both the ubiquitin and Qual
examples, the accuracy and
convergence increased with the
inclusion of the potential (Fig-
ure 6b). The authors noted that
the use of the new potential
helped with convergence from
a random coil in the initial
stages of the calculation when
relatively few restraints were
available.

3.5. Localisation of Protein
Complex Interfaces

sPRE has also shown promising
advances in the determination
of macromolecular complex
structures. To probe the binding
interface between the catalytic
domain of human matrixmetalloproteinase 3 (MMP3) and its
binding partner tissue inhibitor of metalloproteinases 1 (TIMP-
1), Arumugam et al. monitored amide line broadening in the
presence of the Gd" chelate Gd(EDTA)™.% Because the bind-
ing interface is protected from the sPRE agent when the ligand
is bound, residues at the interface were identified by taking
the difference of the 'H-">N HSQC spectra in the absence and
presence of the ligand TIMP-1. However, they noted that con-
formational changes upon ligand binding could be located
outside the binding recognition site, but still be affected by
the broadening reagent, and thus, complicating the analysis.
Gd(EDTA)~ was similarly used to map the binding site of an-
other matrixmetalloproteinase, MMP12, to a triple helical pep-
tide model of collagen®® and of the focal adhesion targeting
domain of focal adhesion kinase (FAK) to a paxillin LD pepti-
de.BZ‘]

More recently, in a study of a 150 kDa ternary nuclear export
complex in the presence of Gd(DTPA-BMA), a protocol that in-
corporated sPRE data into insilico docking procedures by
using the program HADDOCK (high ambiguity driven docking)
was developed.*™ In this protocol, a rigid-body assembly of
the template structures (with or without experimental data)
generated a set of initial solutions. The best subset, based on
the HADDOCK score, were then refined with a semi-flexible in-
terface region in explicit solvent and clustered based on root-
mean-square deviation (RMSD) criteria. In the second step, the
docking clusters were scored according to the agreement be-
tween the back-calculated sPRE and the experimentally deter-
mined sPRE data. For that, a grid of spherical dummy atoms
(probes) of defined radius, for example, 3.5A for Gd(DTPA-
BMA), was placed uniformly around the initial structure to sim-
ulate the paramagnetic environment and the PREscore is calcu-
lated with Equation (15):

PREscore = s Z Z] ord —d

6
Ij min 'j‘grid)

(15)
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in which s is a factor that scales the average PREscore to the
average energy/score of the docking models, N, is the
number of restaints, Ny is the number of grid points, and
djmin—jgia is the difference between the minimal (observed)
and calculated distance between the nucleus and the dummy
atoms. These scores are then added to the docking energy
score. The more violations above 1A for a given nucleus to
various points on the grid, the higher the PREscore, but larger
violations have less influence on the overall score. Clusters
with large RMSD from the reference crystal structure will tend
to have more violations, and thus, larger Haddock scores rela-
tive to the cluster with lowest RMSD to the crystal structure,
and thus, after rescoring with the PREscore much of the dock-
ing ambiguity that results from sparse restraint density is re-
moved.

The low convergence, still present after rescoring, is resolved
in the third step, during which all restraints (including PRE
data) are used to refine the top ten rescored structures directly
against the cloud of pseudo atoms by using simulated anneal-
ing/molecular dynamics in ARIA/CNS" with standard NOE po-
tential and force constants. An iterative approach, similar to
a previously used protocol,* repeats the process of rescoring,
ensemble selection and introduction of additional pseudo
atoms around the biomolecular structure to satisfy restraint vi-
olations and before performing the next simulated annealing
step.l*3%*! This iterative procedure was carried out until the
backbone RMSD to the previous model decreased below 1.0 A.
In the fourth and final step, back-calculated PREs were then
obtained for the final structures by r-%-weighted integration of
the protein-free volume within the grid and compared to ex-
perimentally observed PREs to assess accuracy.

By using this approach, the accuracy and precision of the
quaternary arrangement of complexes can be improved and
the quality of the ensuing structural models can be validated
directly against the sPRE data.

3.6. Dynamics

The characterisation of the conformational dynamics of bio-
molecules from soluble PRE was first reported over thirty years
ago.”™ PRE can report on conformational exchange in biomole-
cules and biomolecular complexes (e.g. domain reorientation,
alternative binding modes, transient encounter complexes). A
recent review by Clore discussed, in detail, detection by PRE of
these short-lived sparsely populated species when using cova-
lent paramagnetic spin labels.”? The same principles can be
applied when using sPREs, and the information content of par-
amagnetic relaxation profiles, whether obtained from sPRE or
PRE, captures, in both cases, the population weighted average
between the conformational species present in solution. In
a ligand-binding study of the Tudor domain of human survival
motor neuron (SMN), a dynamic process that had not been de-
tected in an available crystal structure was uncovered by using
sPRE data (Tripsianes and Madl, unpublished data).”*” This dy-
namic process involves the rotation of a dimethylarginine side
chain of the ligand in a complex with the Tudor domain. Con-
formational averaging seen in the NOE data between the argi-

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nine methyl groups and the recognition site was not immedi-
ately apparent because the NOE amalgamated both distance
and conformational exchange information. By measuring sPRE,
both methyl groups were seen to be buried from the solvent.
Back-calculated PREs from the NMR structure are in agreement
with this dynamic model, whereas those from X-ray are not
(Figure 7).

5.01
- X-ray structure (3NTH)

404 B VR structure (4A4E)
Measured
2 301
s
e
w
2.0
& ? + )
1.0 : [ ] ) é Py
0.0 : ; ; 7
Ho  HB  Hy H3 He  Hnl  HN2  Houpu Hocwu
Residue
2.01
1.6+
2 124
=
e
3] @ A
o &
0.4+

0.0

Figure 7. Dynamic dimethylarginine binding of Tudor domains. Comparisons
of experimental sPREs with sPREs back-calculated from the structures deter-
mined by NMR spectroscopy and X-ray analysis are shown. The localisation
of the dimethylarginine methyl groups in the structures determined by NMR
spectroscopy and X-ray analysis is highlighted. sPREs were obtained from
the 'H R, values measured by using a saturation-recovery scheme preceding
an F2/F1 N/“C-filtered 2D NOESY spectra recorded on samples containing
unlabeled ligand and five molar excess of '*N/"*C-labeled SMN Tudor with

a mixing time of 100 ms. Recovery times were between 0.01 and 4.0 s at
concentrations of 0, 0.5, 1, 2, 3 and 5 mm of the soluble paramagnetic agent
Gd(DTPA-BMA). Back-calculation and data analysis was carried out according
to a procedure reported by Madl et al.*’

3.7. Structure Determination of Proteins/Peptides in
Micelles

PREs are an invaluable tool in solution NMR spectroscopy for
the monitoring of the insertion of proteins and peptides in mi-
celle environments®? and, although beyond the scope of this
review, solid-state NMR spectroscopy has extended the possi-
bilities of using PRE in bilayer systems. Large sPRE probes
monitor the solvent-exposed part of the membrane proteins®”
or amphipathic peptides,!'’°<3%23%! \whereas oxygen!* '’ and
paramagnetic labels attached to lipid anchors"7*?" can probe
the depth of insertion. Localisation (orientation/immersion
depth) is essential for the understanding of the mode of action
of membrane proteins. Because very often only sparse data is
available for membrane-bound peptides and proteins, sPREs
promise to provide a class of valuable complementary data.
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Owing to the size limit of solution NMR spectroscopy, the
number of suitable membrane-mimetic systems is restricted.
Membrane-mimetic environments typically used for solution
NMR spectroscopy studies are mainly small micelles, although
bicelles and small unilamellar vesicles have also been used.””
Most commonly, sodium dodecylsulfate (SDS), dodecylphos-
phocholine (DPC) or dimyristoylphosphatodylcholine (DMPC)
have been employed as lipids/detergents because they are
commercially available in deuterated form. Whereas the nega-
tively charged detergent SDS is often not used for larger pep-
tides and membrane-bound proteins® due to its potential to
destroy the secondary structure, zwitterionic DPC and DMPC
more closely resemble naturally occurring lipids and typically
show no influence on the structure and catalytic activity of
embedded proteins.

Information about localisation within the membrane can, for
example, be obtained by using paramagnetically tagged lip-
ids.'”*<2") This approach was pioneered by Wiithrich et al. on
the 29-residue peptide glucagon.®™ Through the introduction
of 5-, 12- or 16-doxylstearate into dodecylphosphocholine mi-
celles, the interior of the micelles is made paramagnetic. When
a peptide binds to the micelle, its relaxation rates are en-
hanced with a r® dependency. The PRE on glucagon was eval-
uated qualitatively by determining the relative line broadening
for individual doxyl probes. By using these rough estimates, o-
helical glucagon was found to be oriented parallel to the mi-
celle surface with the N- and C-terminal residues pointing out-
wards.

A more quantitative approach to obtain the orientation and
location inside a micelle is the use of the depth-dependent
partitioning of oxygen towards hydrophobic environment-
s.[144852 Oxygen is applied at a partial pressure of 20 to
100 atm and produces, due to vastly different oxygen solubility
across the micelle, a pronounced paramagnetic gradient inside
the micelle. This gradient leads to increased PREs in the interi-
or of the micelle and allows qualitative determination of the
orientation of peptides and proteins in membrane mimetics,
such as the relative orientation of secondary structure ele-
ments with respect to the surface of the micelle.'*

Instead of introducing a paramagnetic probe into the mi-
celle, it is also possible to add a paramagnetic compound to
the solution surrounding the micelle. In this case, the spins
close to the surface of the micelle experience a higher sPRE.
The summation for the PRE of a nucleus immersed under the
solvent-exposed surface, such as a micelle, yields Equa-
tion (16):54°!

km

PRE=—
6(d +1)°

(16)

in which d is the distance to the closest point on the surface,
I accounts for the solvent layer and radius of the paramagnetic
probe, k is a constant combining terms from Equations (3) or
(4) with the probe concentration. The PRE is the r ®-integrated
volume containing the paramagnetic agent.**' For a flat sur-
face, and to a good approximation for large spherical systems,
this integrated PRE depends on d3, for which d is the closest

© 2013 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

distance to the surface or immersion depth.**! Adding Gd-
(DTPA-BMA) to a solution of a peptide bound to a micelle con-
sequently leads to PREs that depend purely on the distance to
the surface of the micelle. For an a-helical peptide bound par-
allel to the surface of the micelle, this results in a wave with
a 3.6 residue periodicity.>*' The tilt and azimuth angles of the
peptide are obtained by least-squares fitting of experimental
PREs to this wave-like function (Figure 8).

Originally, divalent metal ions (Mn’" or Ni**) were used
along with soluble aminoxyl radical labels.”>3" One limitation
of this approach was that these ions and labels interacted with
some amino acids, as previously mentioned, or even the mi-
celles.® In particular, the positively charged manganese ions
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Figure 8. The tilt (z) and azimuth (o) angles that describe the orientation of
helical peptides in membrane mimetics can be obtained by measuring
sPREs of a peptide along the backbone. The resulting experimental para-
magnetic relaxation waves of the 15-residue peptide CM15 and the trans-
membrane helix TM7 of yeast V-ATPase are shown in the centre in red and
blue, respectively. Theoretical paramagnetic relaxation waves for various dif-
ferent tilt angles are shown in the bottom panel. sPREs were obtained from
saturation-recovery 2D TOCSY spectra at Gd(DTPA-BMA) concentrations of
0.5 1, 1.5, 2, 3, 4 and 5 mm. The delay between saturation and the start of
the TOCSY block varied between 0.1 and 3 s. The obtained 'H R, relaxation
rates were least-squares fitted against the paramagnetic concentration and
the slope yielded the PRE.

ChemPhysChem 0000, 00, 1-14
These are not the final page numbers! 77


www.chemphyschem.org

PHYS

possess high binding affinity to negatively charged areas on
the membrane mimetic or protein. These interactions and
rough estimates of sPREs through signal intensity changes can
only differentiate surface-bound from transmembrane orienta-
tions of a peptide.

In contrast, Gd(DTPA-BMA) is inert in aqueous solutions.
NMR and EPR spectroscopy showed no specific binding of Gd-
(DTPA-BMA) to micelles or peptides.*>** |n addition, the stron-
ger paramagnetism of gadolinium versus aminoxyl allows the
use of lower concentrations to achieve the same sPREs. PREs
from membrane-embedded paramagnetic tags and soluble
paramagnetic agents are often combined to obtain a picture
of the orientation with respect to the micelle.””*? Additionally,
sPRE information can also be used together with molecular
modelling results in defining the orientation of a membrane-
bound peptide.**? Although only qualitative information of
sPREs on membrane-bound peptides has been used in most
studies, sPREs obtained from Gd(DTPA-BMA) can be converted
into distance restraints to describe the localisation and orienta-
tion within the membrane by using Equation (16)3*5*%¢ and
can be used for structure calculations of the bound pepti-
de.B%38 Given that the structure of the peptide is known, and
that a sufficient number of experimental sPREs are available,
both the complete orientation and immersion depth of the
peptide in the micelle can be calculated.®* 54557

[4a]

4. Summary and Outlook

We have demonstrated the recent developments and applica-
tions for using sPREs for structural and dynamic characterisa-
tion of biomolecules and biomolecular complexes. One of the
most promising aspects of this work may result from the com-
bination of sPREs with sparse structural data from other NMR
spectroscopy and complementary methods (e.g. small-angle X-
ray/neutron scattering) to characterise the structure and dy-
namics of large protein complexes. To make sPRE data even
more generally applicable for these purposes, they need to be
deeply integrated into commonly used structure calculation,
de novo structure prediction and docking programs. We have
shown that dynamic processes can be detected and character-
ised, in principle, by using sPREs. In the future we expect that
the use of sPREs will be further extended with this respect to
provide detailed quantitative insight into dynamic properties
and interactions of biomolecules and biomolecular complexes.
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