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Abstract Paramagnetic relaxation enhancements (PREs)
are a rich source of structural information in protein solid-
state NMR spectroscopy. Here we demonstrate that PRE
measurements in natively diamagnetic proteins are facili-
tated by a thiol-reactive compact, cyclen-based, high-
affinity Cu”’" binding tag, 1-[2-(pyridin-2-yldisulfa-
nyl)ethyl]-1,4,7,10-tetraazacyclododecane (TETAC), that
overcomes the key shortcomings associated with the use of
larger, more flexible metal-binding tags. Using the TE-
TAC-Cu** K28C mutant of B1 immunoglobulin-binding
domain of protein G as a model, we find that amino acid
residues located within ~10 A of the Cu®* center expe-
rience considerable transverse PREs leading to severely
attenuated resonances in 2D ""N-">C correlation spectra.
For more distant residues, electron—-nucleus distances are
accessible via quantitative measurements of longitudinal
PREs, and we demonstrate such measurements for ISN-
Cu”* distances up to ~20 A.
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Over the past decade magic-angle spinning (MAS) solid-
state nuclear magnetic resonance (NMR) has emerged as
an invaluable spectroscopic technique capable of yielding
atomic level structural and dynamic insights for a wide
range of biological macromolecules (McDermott 2009;
Tycko 2011; Loquet et al. 2013; Yan et al. 2013). Among
the most recent additions to the biomolecular solid-state
NMR toolbox is a class of methods based on the use of
intrinsic or extrinsic paramagnetic probes including
organic radicals, transition metal ions and lanthanides
(Jaroniec 2012; Bhaumik et al. 2013; Knight et al. 2013;
Parthasarathy et al. 2013; Sengupta et al. 2013). At their
core, paramagnetic solid-state NMR methods rely on the
presence of hyperfine couplings between the protein 'H,
'3C and "N nuclei and the unpaired electron spins of the
paramagnetic center, which generate considerable
pseudocontact shifts (PCSs) and paramagnetic relaxation
enhancements (PREs) for nuclei located as far as
~20-30 A away (Bertini et al. 2001). The unique, long-
range nature of these paramagnetic effects has opened up
new avenues for protein structure elucidation (Bertini et al.
2010; Knight et al. 2012; Sengupta et al. 2012; Li et al.
2013), characterization of molecular interfaces (Buffy et al.
2003; Linser et al. 2009; Luchinat et al. 2012; Wang et al.
2012) and rapid acquisition of NMR spectra with high
sensitivity (Wickramasinghe et al. 2009; Laage et al.
2009b; Yamamoto et al. 2010; Nadaud et al. 2010).

The application of paramagnetic solid-state NMR tech-
niques to structural analysis of natively diamagnetic pro-
teins typically requires paramagnetic moieties to be

@ Springer


http://dx.doi.org/10.1007/s10858-014-9880-9

J Biomol NMR (2015) 61:1-6

covalently attached to the protein of interest. In analogy to
the labeling of proteins for electron paramagnetic reso-
nance (EPR) (Hubbell and Altenbach 1994) and solution
NMR (Su and Otting 2010), paramagnetic tags for solid-
state NMR studies are most readily linked to side-chains of
solvent-accessible cysteine residues introduced by site-
directed mutagenesis, and this approach has been recently
employed to determine PRE and PCS based structural
restraints in proteins modified with nitroxide (Nadaud et al.
2007; Wang et al. 2012) or metal-chelate tags (Nadaud
et al. 2009, 2010; Sengupta et al. 2012; Li et al. 2013).
These recent studies include our quantitative measurements
of N longitudinal PREs for several Cys-EDTA-Cu*"
mutants of the Bl immunoglobulin binding domain of
protein G (GB1) that yield SN—Cu** distances in the
~10-20 A regime (Nadaud et al. 2009; 2010; Sengupta
et al. 2012), and, notably, the successful demonstration that
even a fairly sparse set of about 230 such long-range
electron—nucleus distance restraints (~4-5 per residue on
average) is sufficient to derive de novo the three-dimen-
sional protein fold in complete absence of internuclear
distance data (Sengupta et al. 2012).

In spite of these promising results the widespread use of
the commercially-available EDTA metal-binding tags
(Ebright et al. 1992; Ermacora et al. 1992) in structural
studies of immobilized proteins by paramagnetic solid-
state NMR is not without challenges, owing to the fact that
these tags are relatively large and flexible. This leads to the
paramagnetic center being fairly distal from many of the
protein backbone atoms and to considerable uncertainty in
the precise location of the metal ion due to the vast con-
formational space accessible to the tag. These complica-
tions can be addressed by using more compact tags
containing fewer rotatable bonds, and indeed this type of
strategy has been previously exploited in the context of
solution NMR measurements of pseudocontact shifts in
lanthanide-modified proteins (Su et al. 2008; Jia et al.
2011).

Here, we describe the synthesis of a thiol-reactive [1-(2-
(pyridin-2-yldisulfanyl)ethyl]-1,4,7,10-tetraazacyclodode-
cane (TETAC) tag (Fig. 1), containing the cyclen motif
that binds transition metal ions with particularly high
affinity (K > 10% for Cu®>") (Leugger et al. 1978; Lacerda
et al. 2007), and its application to the structural studies of
proteins by PRE-based solid-state NMR. In comparison to

the EDTA tag used in our previous studies (Nadaud et al.
2009, 2010; Sengupta et al. 2012), TETAC possesses three
fewer bonds placing the metal ion ~5 A closer to the
protein backbone atoms in an extended conformation. This
leads to more pronounced nuclear PRE effects and fewer
possibilities for the position of the metal ion with respect to
the protein.

The use of DOTA-type lanthanide binding tags, based
on the cyclen scaffold, in NMR structural studies of soluble
proteins has been previously explored (Vlasie et al. 2007;
Héussinger et al. 2009; Graham et al. 2011; Liu et al. 2012;
Loh et al. 2013). The TETAC tag has also been synthesized
in an unactivated, free-thiol form (Lewin et al. 2002;
Lacerda et al. 2007), and its potential utility for the site-
specific tagging of proteins with transition metal ions
proposed (Lewin et al. 2002) but never pursued in the
context of NMR spectroscopy. In our initial studies we
have, in fact, briefly considered the use of this unactivated
TETAC tag but found it incapable of reacting with cysteine
residues in a quantitative manner (Fig. S1). Although the
efficacy of the latter reaction could possibly be improved
by using a two-step procedure involving prior protein
activation with Ellman’s reagent [5,5'-dithio-bis(2-nitro-
benzoic acid)], we opted instead to generate a TETAC tag
containing a thiopyridine leaving group, which permits the
facile attachment of the tag to the protein in a single step
with quantitative efficiency (Fig. 1 and S1).

As described in detail in the Supporting Information (SI;
Scheme S1 and Fig. S3-S11), TETAC was synthesized by
extending the protocol of Lacerda et al. (2007), with typical
yields of ~ 100 mg of purified tag obtained per ~500 mg
of excess cyclen starting material. Subsequently the tag
was linked to the K28C mutant of GB1 and loaded with
one molar equivalent of Cu®" (paramagnetic sample) or
Zn*" (diamagnetic control sample)—for brevity, these
protein samples are referred to as 28TETAC-Cu”* and
28TETAC—Zn*". The X-band continuous wave EPR
spectrum of 28TETAC—-Cu”* (Fig. S2) is very similar in
appearance to spectra reported previously for both cyclen
and the unactivated free-thiol form of TETAC (Lacerda
et al. 2007), and consistent with a single copper(Il) species
coordinated by four nitrogen atoms (Peisach and Blumberg
1974). The latter finding confirms that, as expected, the
cyclen moiety constitutes the primary metal binding site in
Cys-TETAC modified proteins.

Fig. 1 Modification of cysteine =
residues in proteins with the |
transition metal ion binding S stw N' N e S,S\/\ N/_\N
TETAC side-chain N [ j protein—SH profein= [ j
N N N N
—/ -/
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For the solid-state NMR studies, 28 TETAC-Cu**/Zn**
was co-precipitated with natural abundance wild-type GB1
in a ~1:4 molar ratio to attenuate the effects of intermo-
lecular electron-nucleus couplings on the measured PREs
(Nadaud et al. 2011). In Fig. 2 we show 2D 'N-'*CO
spectra for the 28TETAC-Zn>" (blue contours) and Cu?*
(red contours) proteins recorded at 40 kHz MAS using the
NCO-S’E pulse scheme (Laage et al. 2009a). The back-
bone assignments were confirmed using 3D CANCO and
NCACO experiments described previously, and found to
be similar to those established for analogous 28EDTA-
Zn**/Cu*" samples (Nadaud et al. 2010). It is noteworthy
that signals for several residues located in the immediate
vicinity of the tag attachment site (aa 25-26 and 28-32) are
unobservable in the 28TETAC—Cu*" spectrum due to large
transverse PREs between the Cu®" center and the corre-
sponding nuclei, particularly amide "H. Since in our pre-
vious studies of protein molecules modified with EDTA-
Cu®" side-chains (Nadaud et al. 2009, 2010; Sengupta

et al. 2012) correlations associated with '>N spins located
as close as ~10.5-11 A to the metal ion could be readily
detected in 2D ""N-'"2C spectra, this finding indicates that
these residues are likely to be located within approximately
10 A of the Cu®* site. The latter is consistent with the
smaller size of the TETAC tag relative to its EDTA
counterpart, and in-line with prior solid-state NMR studies
of copper(Il)-metalloproteins (Knight et al. 2012, 2013).
For the remaining residues that could be detected in the 2D
N-"3CO spectrum, the distances between backbone '°N
nuclei and the Cu®" center were evaluated by measuring
the longitudinal PREs as described in detail previously
(Nadaud et al. 2009, 2010; Sengupta et al. 2012). Briefly,
the longitudinal N relaxation rate constants (R;) were
determined for 28TETAC—Zn*" and Cu?* samples by fit-
ting the residue-specific relaxation trajectories to decaying
single exponentials, and the PREs calculated by taking the
difference between the N R, values for the Cu*" and
Zn*" proteins. The relaxation trajectories for representative
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with t; and t, evolution periods
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residues in Fig. 2 show the expected dispersion in '°N R,
rates, with signals for o-helical residues located near the
TETAC-Cu”" site relaxing much more rapidly relative to
other amino acids.

In Fig. 3a, b, respectively, we plot the experimental >N
longitudinal PREs as a function of residue number and map
these PRE values onto the high-resolution crystal structure
of GB1 (Franks et al. 2006). The largest PRE values, which
are in the range of ~0.1-0.35 s~ and correspond to "*N—
Cu* distances of ~12-15 A based on calculations using
the Solomon equation (Solomon 1955), are found for res-
idues ~20-36 (c.f., Table S1). Notably, this region con-
tains the aforementioned unobservable residues 25-26 and
28-32 characterized by large transverse PREs, for which
the associated >’N—Cu?* distances of <10 A are indicative
of longitudinal 15N PREs exceeding 1 s~ In contrast, the

B1 2 o B3

>

vast majority of the remaining residues located in the four
B-strands and intervening loops and considerably removed
from the Cu®" ion have PRE values significantly below
0.1 s~" corresponding to '>N—Cu*" distances >15 A. The
typical uncertainties in the measured longitudinal PREs,
which are on the order of ~0.02 s™', imply that quanti-
tative estimates can be obtained for '’N—Cu®" distances up
to ~20 A.

To further assess the utility of these longitudinal '°N
PRE data in the context of protein structural studies, in
Fig. 3c, d we compare the experimental PREs and ""N—
Cu?" distances with calculated values predicted using a
structural model of 28TETAC—Cu*" constructed in Xplor-
NIH (Schwieters et al. 2003) with the protein backbone and
side-chains fixed to GB1 atomic coordinates (PDB entry
2GI9) and the TETAC tag position optimized based on the
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Fig. 3 a Backbone amide '’N longitudinal PREs (I'Y) for 28TE-
TAC-Cu®" as a function of the residue number, calculated by taking
the difference between >N R, values determined for the Cu>" and
Zn** tagged proteins (c.f., Fig. 2¢). The yellow rectangles highlight a
set of seven helical residues (aa 25-26 and 28-32), for which I" If
values could not be determined due to increased transverse 'H, '*C,
SN PREs that result in severely attenuated intensities for the
corresponding cross-peaks in the '’N—'2CO spectrum for 28TETAC—
Cu”"; our previous studies of analogous EDTA—Cu*" tagged proteins
(Nadaud et al. 2009, 2010; Sengupta et al. 2012) indicate that for
these residues 'Y > 1 s~!, corresponding to 'N-Cu?" distances
below ~10 A. For residues where quantitative PRE measurements
were precluded by spectral overlap, I'Y was set to zero in the plot.
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b Ribbon diagram of GB1 (PDB entry 2GI9), showing the TETAC
side-chain containing the metal ion (magenta sphere) covalently
linked to the protein through Cys-28, with magnitudes of the 5N
longitudinal PREs mapped onto the structure as follows: yel-
low = residues most proximal to Cu?" ion with missing cross-peaks
due to large transverse PREs (expected I'Y >1s~'; PN-Cu®"
distance <10 ;\), red = residues with measured I'} > 0.1 s~ (ISN—
Cu?* distance <15 A), blue = residues with measured FI.\I <0.1s7!
(ISN—Cu2+ distance >15 A), grey =T 11\1 value not determined due to
spectral overlap. ¢, d Comparison between (c) '°N longitudinal PREs
and d "*N—Cu?* distances and corresponding values calculated from a
structural model of 28 TETAC-Cu*"
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PRE data (c.f., Table S2). The root-mean-squared-devia-
tion (rmsd) between the observed and calculated PREs is
~0.06 s~', and the agreement between the observed and
calculated '>N—Cu”" distances is particularly strong (rmsd
of ~1.8 A) for residues with calculated PREs >0.02 s~ !
for which the measurements are least influenced by the
presence of residual intermolecular ""N—Cu®" couplings
and intrinsic Cu®" protein binding sites (Nadaud et al.
2011).

In summary, we have described the synthesis of a com-
pact cyclen-type TETAC tag that can be covalently linked to
cysteine residues in proteins in a single step with quantita-
tive efficiency, and is capable of binding transition metal
ions with high affinity. Due to its compact size, the TETAC
tag offers several significant benefits in the context of
structural studies of proteins by paramagnetic solid-state
NMR spectroscopy in comparison with the widely used
commercial EDTA-type tags. These benefits include the
ability of the metal center to exert enhanced paramagnetic
effects on the protein nuclei and increased confidence in the
location of the metal with respect to the protein in the course
of structure refinement. As illustrated here for a TETAC—
Cu*" mutant of the model protein GBI in the microcrys-
talline phase, amino acid residues located within ~ 10 A of
the Cu®" site display large transverse PREs and severely
attenuated cross-peak intensities in multidimensional solid-
state NMR correlation spectra while measurements of lon-
gitudinal PREs for backbone amide '°N nuclei yield quan-
titative '"N—Cu”" distance estimates up to ~ 20 A. The
experimentally determined PREs are generally found to be
in agreement with the known three-dimensional protein
structure. Thus, the long-distance information encoded in
these PRE data is a crucial source of restraints on the global
protein fold, and can be used to complement the shorter-
distance restraints extracted from conventional, nuclear
dipolar coupling based solid-state NMR experiments.
Beyond the PRE measurements demonstrated here, appli-
cations of TETAC or analogous cyclen-type tags to the
solid-state NMR measurements of electron—nucleus dis-
tance dependent pseudocontact shifts in Co*" proteins
(Bertini et al. 2010; Li et al. 2013; Luchinat et al. 2012) and
measurements of nanometer range distances involving Cu>"
and Mn*" centers by electron paramagnetic resonance (Narr
etal. 2002; van Amsterdam et al. 2003; Banerjee et al. 2012;
Yang et al. 2012; van Wonderen et al. 2013; Ji et al. 2014)
can be readily envisioned.
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