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Abstract Solvent paramagnetic relaxation enhancement
(sPRE) arises from random collisions between paramag-
netic cosolvent and protein of interest. The sPRE can be
readily measured, affording protein structure information.
However, lack of an inert cosolvent probe may yield sSPRE
values that are not consistent with protein structure. Here
we synthesized a new sPRE probe, triethylenetetraamine
hexaacetate trimethylamide gadolinium, or Gd(III)-
TTHA-TMA. With a total of 10 coordination sites, this
paramagnetic cosovlent eliminates an inner-sphere water
molecule that can otherwise transfer relaxation to protein
through exchange. With the metal ion centered, the new
probe is largely spherical with a radius of 4.0 A, permitting
accurate back calculation of sPRE. The effectiveness
Gd(IIT)-TTHA-TMA as a sPRE probe was demonstrated
on three well-studied protein systems.
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Protein structure determination by solution NMR has gone
from solely NOE-based (Wiithrich 1986) to an integrative
approach (Schwieters et al. 2006; Karaca and Bonvin 2013),
as incorporation of different types of experimental restraints
yields protein structures of better precision and accuracy.
Among those techniques, paramagnetic relaxation enhance-
ment (PRE) affords distance measurements up to 40 A
between the paramagnetic probe introduced at a desired site
and protein nuclei (Iwahara et al. 2004; Clore and Iwahara
2009; Otting 2010). In recent years, PRE has been used for
structure determination of protein complexes (Mal et al.
2002; Keizers et al. 2010), membrane proteins (Berardi et al.
2011; Gottstein et al. 2012; Klammt et al. 2012) and intrin-
sically disordered proteins (Gillespie and Shortle 1997,
Eliezer 2012). However, introduction of a paramagnetic
probe, either through chemical conjugation to a specific
cysteine residue or by protein engineering, may inadvertently
perturb protein structure and function.

Solvent PRE (sPRE) arises from random collisions between
a paramagnetic cosolvent and protein of interest. Several
types of paramagnetic cosolvents have been used previ-
ously, including pressurized molecular oxygen (Hernandez
et al. 2002), 4-hydroxy-2,2,6,6-tetramethylpiperidinyl-1-oxy
(TEMPOL) (Petros et al. 1990; Venditti et al. 2008), and
diethylenetriamine pentaacetate bismethylamide gadolinium
chelate (Gd(III)-DTPA-BMA) (Pintacuda and Otting 2002;
Iwahara et al. 2006; Madl et al. 2009, 2011). Surrounded by the
paramagnetic cosolvent, residues close to the protein surface
experience larger sPRE than the residues more deeply buried.
As such, sPRE measurement provides distance information
about the relative depth of a nucleus in a protein (Wang et al.
2012), and it has been used for structure determination of small
to medium sized proteins (Madl et al. 2009) as well as protein—
protein complexes (Madl et al. 2011). Comparing to the PRE
measurement with a covalently conjugated paramagnetic
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probe, sPRE restraints can be readily obtained and used in
combination with other types of NMR and biophysical
restraints for structure determination (Koehler and Meiler
2011; Karaca and Bonvin 2013).

Among the paramagnetic cosolvents used for sSPRE mea-
surement, Gd(II[)-DTPA-BMA probe has been most popular
(Bernini et al. 2009), and has been incorporated to characterize
individual proteins (Pintacuda and Otting 2002; Madl et al.
2009), protein—protein complexes (Guttler et al. 2010; Madl
etal. 2011) and protein-DNA complexes (Iwahara et al. 2006).
Gd(II)-DTPA-BMA is nonpolar and carries no net charge,
hence it does not specifically interact with the protein of
interest (Pintacuda and Otting 2002). Also known under trade
name Omniscan, Gd(IIN-DTPA-BMA is widely used in
magnetic resonance imaging (MRI). As a contrasting agent,
DTPA-BMA provides only 8 coordinate sites to Gd(III), with
the 9th coordination site provided by an inner-sphere water
molecule (Fig. 1), thus enhancing the relaxation of bulk water
through exchange. When used for sPRE measurement, water
relaxation can in turn be transferred to protein nuclei, in par-
ticular to those labile non-hydrogen-bonded protons. Indeed,
solvent-transferred PRE gave rise to extremely large PRE
values for amide protons of ~ 25 residues in maltose-binding
protein (MBP), as acknowledged by the authors (Fig. S1)
(Madl et al. 2009). Measurement of sPRE values for
3C-bonded non-labile protons of MBP, however, only par-
tially alleviated the problem, with large sPRE values still
visible for residues Val246, Lys251, Gly252, Asn272, and
Leu275 (Madl et al. 2009).

In our hands, with Gd(III)-DTPA-BMA cosolvent added
to protein GB1, we observed sPRE values much larger with
addition of 4 mM cosovlent, than the calculated values based
on the protein structure (Gronenborn et al. 1991; Derrick and
Wigley 1994). GB1, the immunoglobulin-binding domain of
streptococcal protein G, is a commonly used model protein in
NMR. In this 56-residue globular protein, Glu43, a sheet
residue with amide proton pointing outwards and Glu56,
the C-terminal residue, are both broadened out beyond

Fig. 1 Paramagnetic cosolvents
used in this study. Gd(III)- H,0
DTPA-BMA or Omniscan \
provides 8 coordination sites for
Gd(1I) plus an inner-sphere
water molecule, whereas the
new probe, TTHA-TMA O--c--=""" Gd'
affords a total of 10
coordination sites for Gd(III)

Gd(lll)-DTPA-BMA
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detection. Thr2, a residue near the protein N-terminus, and
Ala23, aresidue at one end of a helix, both experience sSPRE
values much larger than the calculated (Fig. S2). Excluding
those residues that have disappeared, the correlation coeffi-
cient between observed and calculated sPRE values is 0.71.
As such, using Gd(IIT)-DTPA-BMA as the paramagnetic
cosolvent, the measured sPRE value can deviate from the
assumed distance dependency on the depth of the nucleus,
which would introduce systematic errors when used for
protein structure calculation.

Inspired by the usefulness of DTPA-BMA in measuring
sPRE, and with the goal to eliminate the water exchange
problem, we designed and synthesized a new paramagnetic
cosolvent, triethylenetetraamine hexaacetate trimethyla-
mide gadolinium chelate (Gd(III)-TTHA-TMA, Fig. 1).
The cosolvent was synthesized in just two steps, starting
from commercially available triethyleneteraamine hexa-
acetic acid (TTHA, Scheme 1), reacted with methylamine
hydrochloride and Gd(III) oxide sequentially. The resulted
product can be purified through both cation and anion
exchange columns. Similar to Gd(III)-DTPA-BMA,
Gd(IIT)-TTHA-TMA is non-polar and carries no net
charge. With an extra arm of carboxylate amide, the new
probe provides a total of 10 coordination sites, completely
wrapping the gadolinium ion inside (Fig. 1) and affording a
metal-centered sphere with a ~4.0 A radius (Fig. S3). In
contrast, Gd(III)-DTPA-BMA is shaped like a bowl, with
the radius from the metal center varying from 3.0 to 4.5 A
(Fig. S3). As a small molecule, Gd(III)-DTPA-BMA can
rotate much more rapidly than the protein under investi-
gation. However, depending on which side of the probe
that approaches and collides with the protein, different
sPRE values can be resulted owing to different metal-
proton distance. The irregular shape of Gd(III)-DTPA-
BMA probe cannot be properly treated in a grid model, and
for the back-calculation of sPRE values an average radius
of 3.5 A has been assumed (Hernandez et al. 2002; Pin-
tacuda and Otting 2002; Madl et al. 2009).

Gd(lll)-TTHA-TMA
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Fig. 2 Water relaxivity in the presence of Gd(II[)~-DTPA-BMA and
Gd(II)-TTHA-TMA. a Longitudinal and b transverse relaxivities
were measured for "H,O at different concentrations of a paramagnetic

We first assessed water relaxivity in the presence of the
new probe. At unit concentration of the paramagnetic co-
sovlent, the longitudinal and transverse relaxivities are
1.81 £ 0.06 and 1.76 + 0.01 mM~'s™! for Gd(IIl)-
TTHA-TMA, respectively, less than half of the values for
Gd(II)-DTPA-BMA (Fig. 2). The larger relaxivity for
Gd(IIT)-DTPA-BMA is due to inner sphere water relaxa-
tion (Caravan et al. 1999), which is absent for Gd(III)-
TTHA-TMA. The effectiveness and improvements of the
new probe in SPRE measurement were then tested on three
well-studied proteins.

With the addition of Gd(II)-TTHA-TMA paramagnetic
cosolvent, we measured sPRE values for the protein GB1.
Similar to water relaxivity, sPRE values for protein backbone
amide scale linearly with the concentration of the paramag-
netic cosovlent (Fig. S4). However, at high concentration of
the cosolvent, some peaks start to broaden out and cannot be
properly resolved from adjacent peaks. With the addition of
5 mM of the new probe, no residue was broadened out
beyond detection and there was no drastic change in sPRE
values between two consecutive residues (Fig. 3).

The sPRE value can be back calculated from the protein
structure by integrating PRE contributions from all sur-
rounding paramagnetic cosolvent molecules occupying in
evenly spaced grid points (Hernandez et al. 2002; Pinta-
cuda and Otting 2002). For each grid point, the sPRE value

02 04 06 08
Concentration (mM)

0.0 1.0

cosolvent. The relaxivity is the slope obtained from linear regression.
The extrapolated intercept at the Y-axis indicates intrinsic the water
relaxation rate
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Fig. 3 sPRE values for protein GB1 with the addition of Gd(III)-
TTHA-TMA cosolvent. Back calculated based on a X-ray struc-
ture 1PGB and b NMR structure 2GB1, respectively, the sPRE values
are shown as black lines. The observed PRE values are shown as
orange spheres. The correlation coefficients and PRE Q-factors after
normalization are indicated

can be described by Solomon—Bloembergen equation

(Solomon 1955; Solomon and Bloembergen 1956) fol-
lowing an <r~®> dependence on the depth of the nucleus.
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The observed sPRE values agree well with the calculated
values based on the X-ray and NMR structures of GB1
protein, namely 1PGB (Derrick and Wigley 1994) and
2GB1(Gronenborn et al. 1991) respectively. The agreement
with the NMR structure, 2GB1, an averaged mean struc-
ture, is slightly better than that with the X-ray structure,
1PGB, affording correlation coefficient of 0.86 and 0.83,
respectively.

The agreement in sPRE can also be assessed using PRE
Q-factor (Iwahara et al. 2004). As the exact pre-factor for
<r~®> dependence is related to the physical constants and
probe concentration, normalization is performed by scaling
the residue with the lowest sPRE value, Val54 in GB1.
This residue has the deepest burial in the protein and
therefore its SPRE can be back calculated most accurately.
Upon normalization of the back calculated sPRE values, a
process that does not affect correlation, the SPRE Q-factors
are 0.30 and 0.27 for the PDB structures 1PGB and 2GBI1,
respectively. The largest differences in the calculated sPRE
values based on the two known structures are at residues 23
and 24 (Fig. 3). Ala23 and Ala24 are both located near the
N-terminal end of a GBI helix. In the crystal structure
(1PGB), the carboxylate group of Asp22 likely forms a
hydrogen bond with the hydroxyl group of Thr25, and side
chain of Asp22 sits on the top of the amide groups of Ala23
and Ala24 (Fig. S5). In the NMR structure (2GB1) how-
ever, the side chain of Asp22 swings away and the amide
groups of Ala23 and Ala24 are more exposed (Fig. S5).
Therefore, the sSPRE measurement suggests the absence of
a hydrogen bond between Asp22 and Thr25 in solution. On
the other hand, high-quality sPRE data afforded with the
new probe also makes small structural differences more
obvious.

Gd(III)-TTHA-TMA was further evaluated on two
other protein systems, enzyme EITAS" from the phosphor-
transferase system (PDB code for the crystal struc-
ture 1F3Z(Feese et al. 1997)) and MBP with a maltotriose
bound (PDB code for the crystal structure 3MBP(Quiocho
et al. 1997; Fig. S$4). No peaks in EITA®'® were broadened
out beyond detection upon addition of 5 mM paramagnetic
cosolvent (Fig. 4). In contrast, upon addition of 4 mM
Gd(II)-DTPA-BMA, residues Thr19, Glu72 and Gly102
disappeared, and Ser155 experience a very large sPRE. All
these residues are located in a flexible region of the protein,
with their amide protons pointing outwards and not
hydrogen-bonded (Feese et al. 1997; Wang et al. 2000).
Likewise, for the MBP, no residues are completely
broadened out for the MBP, with the sPRE value ranging
from 5 to 70 s~', with the addition of 5 mM Gd(IIl)-
TTHA-TMA (Fig. S6).

In summary, we have developed a new paramagnetic
cosolvent, Gd(III)-TTHA-TMA for the measurement of
protein solvent PRE. This probe has a total of 10
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Fig. 4 sPRE profiles obtained for E. coli enzyme EIA®" upon
addition of either 4 mM Gd(III)-DTPA-BMA (colored in grey) or
5 mM Gd{II)-TTHA-TMA (colored in red). Asterisks denote
residues that are broadened out beyond detection. Lines connect the
residues simply for guiding the eyes. Error bars denote 1 standard
deviation

coordination sites for a lanthanide ion, thus eliminating a
water molecule bound at inner sphere. Free from water-
transferred PRE, sPRE can be more reliably measured for a
protein of interest, which information would aid protein
structure determination. With this new probe, we envision
sPRE shall facilitate the “structure” characterization of
intrinsically disordered proteins that have a large number
of labile protons.

Materials and methods

Synthesis of TTHA-TMA. Triethylene tetraamine hexa-
acetic acid (TTHA, 0.49 g, 1.0 mmol; purchased from
Tokyo Chemical Industry) and triethylamine (TEA, 0.60 g,
6.0 mmol; purchased from Sinopharm Chemical Reagent)
were dissolved in 10 ml acetonitrile. The solution was
stirred at 60 °C for 1 h. Cooled in an ice bath,
N,N’-dicyclohexylcarbodiimide (DCC, 0.72 g, 3.5 mmol;
purchased from Sinopharm Chemical Reagent) was added
to the solution, and the solution was stirred for another
0.5 h. Methylamine hydrochloride (0.24 g, 3.5 mmol;
purchased from Sinopharm Chemical Reagent) and TEA
(3.5 mmol, 0.35 g) were added to the solution, and the
solution was stirred for 2 more hours. The ice bath was
removed, and the reaction was allowed to proceed over-
night at room temperature. After removing the precipitate
through filtration, the solution was evaporated under vac-
uum, and the resulting white powder was used for the next
step without further purification.

The obtained powder is a mixture of TTHA derivatives
with various number of methyl amide groups, and was
dissolved in 10 ml deionized water. Gd(III) oxide (0.16 g,
0.5 mmol; purchased from Acros Organics) was added to
the solution and stirred overnight at 60 °C. Gd(III) oxide
can only be solubilized when the constituting Gd(III) is
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chelated with the TTHA derivatives, while the rest remains
in the pellet and can be removed by filtration. The filtrate
was further purified on Source-S and Source-Q columns,
with the flow-through collected, thus affording only the
product with no net charge, i.e. the gadolinium chelate of
TTHA-TMA. The product was evaporated under vacuum
to yield the desired paramagnetic cosolvent, triethylene
tetraamine hexaacetate trimethylamide gadolinium chelate
(Gd{IT)-TTHA-TMA, 180 mg, 26 % yield). The product
was confirmed by ESI-MS: calculated for C,H3¢N;,09Gd
[M + Na*] 708.17, 709.17, 710.17, 711.17, 713.17,
observed 708.18, 709.18, 710.18, 711.18, 713.18. There are
multiple mass peaks arising from the 5 most abundant
isotopes of gadolinium: '>°Gd, '*°Gd, '¥’Gd, '*Gd and
16054

Protein sample preparation. Both '’N-labeled GB1 and
EIIA®'* proteins were expressed in E. coli BL21-star cells
and grown in isotope-enriched M9 minimum medium.
Both proteins underwent purification through DEAE ion
exchange fast-flow column, Superdex-100 size exclusion
column, and Source-Q ion exchange column (GE Health-
care), in sequential order. The U-""N,?H-labeled MBP
protein was expressed in the minimum medium prepared in
’H,0, with ">N-NH,CI and '*C/*H-glucose as the nitrogen
and carbon sources and supplemented with 10 % (v/v)
SN/'3C/*H-Celltone (Silantes). MBP protein was purified
over MBP-TRAP and Superdex-100 columns (GE
Healthcare). To remove any bound ligand, the protein was
denatured under 2 M Gnd-HCl and was refolded by
desalting. All the proteins were concentrated and buffer-
exchanged in the Amicon filter (Millipore) to be prepared
in the NMR buffer: 20 mM pH 6.0 sodium acetate buffer
(GB1), 20 mM pH 6.8 PIPES buffer (EIIA®') or 20 mM
pH 7.4 Tris—HCI buffer (MBP), all containing 100 mM
NaCl. Protein concentration was 0.5 mM. For MBP, 5 mM
maltotriose (Sigma) was added to ensure a holo state. In
addition, 0.1 % NaN5s and 10 % D,O (v/v) were added to
the NMR samples.

PRE experiments. NMR experiment was performed on
600 MHz Bruker spectrometer (for GB1 and EITAS") or
850 MHz (for MBP), both equipped with a cryogenic
probe. Paramagnetic cosovlent of either Gd(II)-DTPA—
BMA (GE Healthcare) or GA(III)-TTHA-TMA was added
to protein sample to a final concentration of 4 and 5 mM,
respectively. The transverse PRE I', rates for backbone
amide of protein GB1 were measured and analyzed using
the standard protocol (Iwahara et al. 2004, 2007).

Back calculation of sPRE. A grid model was utilized for
sPRE calculation, with the paramagnetic cosolvent evenly
located at every grid point. The spacing of the grid is set to
0.2 A, and the cut-off distance for PRE calculation is 40 A,
where PRE becomes negligible (Iwahara et al. 2004).
Protein Cartesian coordinates are fixed and are padded with

van der Waals radii of various nuclei. Grid points that are
within protein structure plus the radius of paramagnetic
cosolvent (4.0 A for GA(III)-TTHA-TMA and 3.5 A for
Gd(II)-DTPA-BMA) are excluded. The sPRE value for a
particular protein nucleus is calculated using this equation

I, :kzzzwl,m,n 'r[;,in
1

m n

in which k is a constant that are related to physical con-
stants in the Solomon-Bloembergen equation (Solomon
1955; Solomon and Bloembergen 1956) and to the con-
centration of paramagnetic cosolvent. r,, is the distance
between grid point (/, m, n) and protein nucleus. wn,, is
assigned to 1 if the paramagnetic probe can be placed at
grid point (I, m, n), or O for excluded points. The back-
calculated sPRE values are normalized to the lowest sSPRE
value (of the residue that is more deeply buried) when
calculating PRE Q-factors (Iwahara et al. 2004).
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