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Molecular Dynamics Simulations of MRI-Relevant Gd™ Chelates:
Direct Access to Outer-Sphere Relaxivity

Alain Borel, Lothar Helm, and André E. Merbach*[?!

Abstract: The structure and dynamics
of the surrounding water were studied
through molecular dynamics (MD) sim-
ulations for several Gd™ polyaminocar-
boxylate and polyaminophosphonate
complexes in aqueous solution. The
radial distribution functions (rdf) show
that a few water molecules are bonded
to the ligand through hydrogen bonds to
hydrophilic groups such as carboxylates
and phosphonates. Residence times are
of the order of 20-25 ps for the poly-
aminocarboxylate and 56 ps for the
polyaminophosphonate chelates. No
preferred orientation or bonding of

water molecules is observed in the
hydrophobic region of the anisotropic
macrocyclic complexes. Our rdf allow
calculation of the outer-sphere contri-
bution to the nuclear magnetic reso-
nance dispersion (NMRD) profiles us-
ing Freed’s finite differences method,
including electronic relaxation. The re-
sults show that the commonly used
analytical force-free model is only an
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empirical relationship. When experi-
mental outer-sphere NMRD profiles
are  available  ([Gd(teta)]- and
[Gd(dotp)]>~ (teta= N,N',N",N'"-tetra-
carboxymethyl-1,4,8,11-tetraazacyclo-
tetradecane; dotp=N,N',N"',N"'-tetra-
phosphonatomethyl-1,4,7,10-tetraazacy-
clododecane) the calculated curves are
in good agreement. In the case of
[Gd(teta)], the comparison with the
experimental NMRD profile has led us
to predict a very fast electronic relaxa-
tion, which has been confirmed by the
EPR spectrum.

Introduction

Gadolinium(ii) complexes are used routinely as contrast
agents in magnetic resonance imaging (MRI). Contrast
improvement is a consequence of the enhancement of the
water proton magnetic relaxation rate in tissues through
interactions with the seven unpaired f electrons of the Gd™
center. The relaxation rate enhancement at a fixed [Gd**]
(1mMm) concentration (relaxivity) is commonly divided into
two contributions: inner-sphere (due to protons of water
molecules directly coordinated to the metal and transmitted
to the bulk by chemical exchange) and outer-sphere (dipolar
interactions through space with surrounding water mole-
cules).l? The former is well understood on the microscopic
scale, but the latter is usually described using Freed’s
approximate force-free model,> ¥ in which the only param-
eters are the relative diffusion coefficient between the para-
magnetic center and the water molecules, and the distance of
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closest approach for the protons. This simple relation has been
questioned recently,> ¢ with the introduction of a “second
coordination sphere”. To obtain a more detailed view, we
have used molecular dynamics (MD) simulations to study the
structure and dynamics of water around several Gd™' com-
plexes: three with macrocyclic ligands, [Gd(teta)]~ (teta=
N,N',N",N"'-tetracarboxymethyl-1,4,8,11-tetraazacyclotetra-
decane), [Gd(dota)(H,0)]~ (dota=N,N',N",N'"-tetracarboxy-
methyl-1,4,7,10-tetraazacyclododecane), and [Gd(dotp)]’~
(dotp=N,N',N",N""’-tetraphosphonatomethyl-1,4,7,10-tetra-
azacyclododecane), and two with acyclic ligands,
[Gd(dtpa)(H,O)]*~ (dtpa = N,N,N',N",N"-pentacarboxymeth-
yl-1,4,7-triazapentane), and [Gd(dtpa-bma)(H,O)] (dtpa-
bma = N,N"-bis[(N-methylcarbamoyl)methyl]-N,N',N"-tris-
carboxymethyl-1,4,7-triazapentane) . Two of these complexes
([Gd(teta)]~ and [Gd(dotp)]>) have no inner-sphere water,
allowing direct experimental study of the outer-sphere
relaxivity. Comparison of the theoretical and experimental
results for these two compounds is therefore an important
step in understanding the relaxivity of MRI contrast agents
beyond the inner sphere.

This work is part of an ongoing effort to study the
properties of transition metal and lanthanide ions and their
complexes in aqueous solution using computational methods.
Earlier studies by our group included MD simulations of
trivalent lanthanide ions*) and the chromium(ii) heaxaaqua
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complex.' In all these systems, the existence of a labile
coordination sphere (first sphere for the lanthanides, second
sphere for chromium) was well established by experimental
methods such as O NMR and the agreement between

experimental and computational results was found to be fairly
good. No direct structural and dynamic data were available
for the outer-sphere MRI contrast agents and related
complexes. Our goal was to obtain such information through
classical MD simulations.

The magnetic property of interest for potential MRI
contrast agents is the total relaxivity r; itself. As it stands,
Freed’s force-free model has been an important tool for
estimating the outer-sphere contribution to relaxivity. Our
aim was not only to confirm, or otherwise, the validity of this
model, but also to calculate the outer-sphere relaxivity
contribution directly from our simulations.

Computer modeling has been used in the past to investigate
the properties of gadolinium MRI contrast agents. Molecular
mechanics,["'"131 Hartree —Fock,!'* ¥ and density functional
theory'l have been applied, generally with an emphasis on
the structure and energy of these compounds. In this study we
were interested in the interaction of these complexes with the
surrounding water molecules so the main purpose of our force
field was to describe intermolecular forces using ad hoc
parameters derived from ab initio calculations.

Computational Methods

Outline of the simulation

Force field parameters: To achieve a proper description of the electrostatic
potential, which is essential to simulations involving ions and polar
molecules, we calculated partial atomic charges for the various complexes
by the Merz-Kollman method'” as implemented in the Gaussian94
package.l'"¥! This method outputs atomic charges by fitting them to the
electrostatic potential at a fixed distance through a dielectric medium. Ab
initio calculations were performed on the four available crystal struc-
tures!2? at the 6-31G** level (H, C, N, O, P) with pseudopotentials
according to Dolg and Stoll® accounting for relativistic corrections in the
treatment of the core electrons of Gd. The calculated charges (Table 1)
were then averaged over all atoms of the same type. For the [Gd(dotp)]>~
complex no experimental crystal structure was available, so we calculated
an optimized structure (Table 2) using the density functional theory (DFT)
program ADFE.? This calculation was performed at the nonlocal density
approximation (NLDA) with Becke®! and Perdew!®! gradients for the
exchange and correlation functionals. The basis set was Slater type atomic

Table 1. Atomic charges derived from ab initio calculations for [Gd(L")(H,0).J*".

[Gd(teta)]~ [Gd(dota)(H,0)]~ [Gd(dotp)]*~ [Gd(dtpa)(H,0)]>~ [Gd(dtpa — bma)(H,0)]
Gd 2.17 2.12 2.35 2.30 1.96
N amine —-0.10 —0.81 -025 0.20 0.00121/0.60
C ethylene bridge -0.15 —0.042 —0.18 0.00 0.00)/ — 0.20!
H ethylene bridge 0.09 0.13 0.14 0.03 0.10
C methyl/methylene —0.55 0.02 —0.50 —0.50 —-0.20
H methylene 0.20 0.14 0.14 0.03 0.13
C carboxylate/P 1.00 0.81 1.40 0.90 0.90
O, carboxylate/phosphonate
(coordinating) -0.85 —0.81 —1.00 —-0.90 —0.65I1 / —0.801
Oy carboxylate/phosphonate (free) -0.75 —-0.71 —0.98 —0.80 —0.70
O inner-sphere water - —0.60 - —1.00 —0.80
H inner-sphere water - 0.30 - 0.50 0.40
N amide - - - - —0.45
O amide - - - - —0.65
H amide - - - - 0.35
C N-methyl - - - - —-0.25
X-ray structure ref. [19] ref. [20] N/AE] ref. [21] ref. [22]
[a] Central. [b] Terminal. [c] Amide group. [d] Carboxylate group. [e] Full structure available as Supporting Information.
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Table 2. Selected distances from the DFT-optimized structure of
[Gd(dotp)]*~.

Distance A

Gd-O 2.390+0.018
Gd-N 3.0414+0.055
C-pP 1.908 £ 0.007
P-O 1.577£0.018

orbitals (STO) with triple zeta and polarization, using the smallest possible
relativistic core for each element (He core for O, C, N; Ne core for P; Xe
core for Gd).

The Merz-Kollman approach leads to a good representation of the
electrostatic potential at the molecular surface but only to a rather poor
description of intramolecular electrostatic interactions. In our systems, the
bonding of negatively charged donor groups such as carboxylates, and of
inner-sphere water, to the metal center was found to be especially
problematic. To avoid undesired behavior during the simulation (such as
the substitution of a carboxylate group by solvent molecules or departure
of the inner-sphere water molecule) we introduced bonds of crystallo-
graphic length for the Gd™ coordination. We can justify this treatment
because the complexes can be considered rigid on the molecular dynamics
time scale. Using O NMR, Powell et al.””! found that the inner-sphere
residence time of water molecules was of the order of microseconds for the
fastest exchanging complexes in our study, [Gd(dota)(H,O)]- and
[Gd(dtpa)(H,O)]*~. The [Gd(dota)(H,O)]~ complex is present in solution
as a mixture of a major M (80%) and a minor m (20%) isomer with
different structures.” Whereas the two isomers display significant differ-
ences in their first coordination sphere, we expected their influence on the
second shell to be a minor one. Therefore we used the M isomer structure,
which we may also consider to be a rigid molecule as the exchange rate
between the isomers is slow throughout the lanthanide series even on the
'H NMR time scale.

We used the TIP3P model of Jorgensen et al.l?’) for water molecules, and
the van der Waals parameters for Gd** published by Kowall et al.’%) Other
parameters for the force field were taken from the GROMOS86
package.

Table 3. Overview of simulation parameters for [Gd(L™")(H,0),J*".

Computation details: Molecular dynamics runs were performed in the NTP
ensemble using the GROMOSS86 program running on a Silicon Graphics
workstation. Bond lengths for all molecules in the system were fixed by the
SHAKE procedure;P!l temperature and pressure were conserved using
Berendsen’s algorithm.®?l For each system the solute molecule was
immersed in an initial 25 A x25 A x 25 A cubic periodic box (35 A x
35 A x 35 A for the highly charged [Gd(dotp)]*~ complex). No counterions
were included in the simulation. Although this might be inappropriate for
the complexes with a high negative charge, it makes the analysis easier and
more systematic when complexes with different ligands are being
compared. Other important parameters are summarized in Table 3.

Results and Discussion

Complexes with macrocyclic ligands

Structural results: The radial distribtion function g(r) (rdf) for
complexes with macrocyclic ligands (teta*-, dota*-, and
dotp®~) was calculated as an average over the simulation
configurations of the ratio of the local density of a given
particle (in our case water molecules, given by their O or H
atoms) at a distance r from a given center (for example the
Gd" ion) to the overall density [Eq. (1)].

n(r)

8= 4artArp

@

In the case of [Gd(dota)(H,O)]~, the inner-sphere water
molecule was excluded from the gadolinium —solvent water
radial distribution function g(r) as given by water O and H
atoms, respectively (Figure 1), since its distance from the
metal was constrained in the simulations. For all complexes,
the rdf values for both Gd—H and Gd—O display a rather well-
defined peak in the 3.0-5.0 A region (Table 4), which shows
that the behavior of the water between these distances is

[Gd(teta)]~ [Gd(dota)(H,0)]~ [Gd(dotp) >~ [Gd(dtpa)(H,0)]>~ [Gd(dtpa-bma)(H,0)]
number of water molecules 500 490 1426 498 498
equilibration time [ps] 32 32 32 32 32
simulation time [ps] 262 262 524 262 262
stored configurations 4096 4096 8192 4096 4096
cutoff radius [A] 11.0 11.0 16.0 10.5 11.0
7 [ps]®@ 0.01 0.01 0.01 0.01 0.01
7p [ps]® 0.05 0.05 0.05 0.05 0.05
average density [gem ™) 1.0315 1.0227 1.0315 1.0200 1.0486
temperature [K] 285 285 285 285 285
pressure [atm] 1 1 1 1 1

[a] Relaxation times for temperature and pressure in the algorithm of Berendsen.
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Figure 1. Radial distribution functions for water a) O atoms and b) H atoms around Gd of [Gd(teta)]~ (—), [Gd(dota)(H,O)]~ (:---) and [Gd(dotp)]*~
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Table 4. The rdf peak parameters and corresponding coordination number ¢ possible differences between them. We calculated the partial
for water oxygen and hydrogens. rdf in both the hydrophilic (carboxylate/phosphonate) and the

Complex O peak Half qgo Hpeak Half qn hydrophobic (azacycle) regions. The water molecules respon-

position height position height sible for the hydration peak are located in only the carbox-

(Al width [A] (Al width [A] ylate/phosphonate hemisphere of the complexes (Figure 3).
[Gd(teta)]~ 4.5 0.5 2.5 37 0.5 26 Bonding to the carboxylate/phosphonate O atoms was con-
{ggggg:;)) 5520)]7 j; (1)(3) i é g i 835 gg firmed by the rdf around these atoms (Figure 4). A sharp peak
[Gd(dtpa)(HLO)]>- 41 10 36 34 10 12g in the rdf for both the hydfogen and oxygen was observed
[Gd(dtpa-bma)(H,0)] 4.1 (0.8) 50 33 (0.5) 7.0 (with a maximum at r=1.6 A for H and r=2.6 A for O). The

closer H peak indicates hydrogen bonds between water and

the carboxylate O atoms. The free carboxylate O atoms (Oy)
distinct from that of the bulk water. The relative positions of

the H and O peaks indicate that water H atoms are involved in
bonding to the solute molecule. By integrating g(r) from 0 to
the first minimum of the curve, we can define coordination
numbers g, and gy for the O and H atoms respectively in the
second coordination shell. This number is too small (go=2-
5) for the whole complex to be encompassed by a complete
hydration sphere. Therefore a more detailed analysis was
required. 1

The axial symmetry of the [Gd(teta)]~, [Gd(dota)(H,0)],
and [Gd(dotp)]>~ complexes allows us to divide space around
the complex into two regions, one hydrophilic (containing the
carboxylates/phosphonates) and one hydrophobic (containing
the macrocycle), as in Figure 2. The dividing plane is
perpendicular to the main rotation axis, which can be
described adequately by the vector joining the Gd™ ion and
the center of mass of the eight carboxylate O atoms. Thus we
can distinguish water molecules in both regions and observe

N

940, Hphil " >

g GdO, Hphob (r) >
-
i

Figure 3. Partial rdf for water O atoms in the hydrophilic (top) and
hydrophobic ~ hemispheres  (bottom) of [Gd(teta)]- (—),
[Gd(dota)(H,0)]" (), and [Gd(dotp)*~ (----).
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Figure 2. Top) Model of [Gd(teta)]~, and division of the surrounding space riA ?
into hydrophilic (above) and hydrophobic (below) hemispheres. Bottom) Figure 4. The rdf around carboxylate O atoms (top) and N atoms (bottom)
Electrostatic potential [au] at the molecular surface of [Gd(teta)]~ in the of [Gd(teta)]~. A distinction is made between O atoms bonded to the metal
hydrophilic (carboxylate, left) and hydrophobic (macrocycle, right) regions. ion (O,) and free O atoms (Oy).
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are more accessible to the water H atoms than their
coordinated counterparts (O,), so they give rise to a greater
number of hydrogen bonds and to a consequently higher rdf
peak. However, no preferred orientation was apparent
around the less accessible N atoms of the ring. The smooth
rise of g(r) from 0 to 1 at a distance of about 4 A indicates a
shielding of the N atoms by the shear volume of the
neighboring macrocyclic C and H atoms, and there is
essentially no difference between the H and O distributions.
The [Gd(dota)(H,0)]~ and [Gd(dotp)]>~ complexes display
the same features.

Bonding of water molecules through their H atoms can also
be shown by their dipole orientation, characterized by cos @
(@ is the angle between the Gd—O vector and the water
dipole; Figure 5). Figures 6 and 7 demonstrate that water
molecules close to the metal center (rgqo <5 A) are prefer-
entially oriented with one or both of their H atoms toward the
complex core (cos @ is close to — 1, and the angle distribution

H
L
“H
®
Gdl" Gdlll

Gd" cos © 1 A

Figure 5. Orientation angle © and limiting values of cos ©.
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Figure 6. Average cos O as a function of the metal —oxygen distance 740
for [Gd(teta)] .
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Figure 7. Average cos @ as a function of the metal —oxygen distance for
[Gd(teta)]~ (—), [Gd(dota)(H,0)]~ (----) and [Gd(dotp)]* (----).
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remains narrow). At a greater distance water molecules are
randomly oriented (the average cos @ is nearly zero and the
distribution broadens, as shown by its standard deviation).
This is consistent with the bonding of water protons to
carboxylate/phosphonate oxygen. For [Gd(dotp)]>~, cos@
rises again to less negative values when the metal —oxygen
distance diminishes, the closest approach distance during the
simulation being rgqo=2.76 A, only 0.3 A longer than the
inner-sphere rgqo in [Gd(dota)(H,O)] . The shoulder of the
oxygen g(r) curve in the 2.5-3.5 A region in Figure 1a also
supports the picture of one water molecule in the close
vicinity of the metal. This event occurred very rarely,
however, as only 0.2% of the stored configurations showed
a water molecule closer than 2.9 A from the metal. The
integration of g(r) from 0 to 3.5 A only corresponds to 0.4
water O atoms. To say there is coordination of one inner-
sphere water molecule would not be fully justified in this case,
considering the rarity of the event.

H Dynamic properties: Water
o~ molecules located in the second
}L coordination shell typically ex-
change with molecules from the
bulk after an average residence
time 7y, which can be calculat-
ed from the persisting coordi-
nation correlation function
n(t)® [Eq. (2)], where P; is
unity if water molecule j is in

1 N
”(I) = N Z; Z Pj(tmtst*) (2)

Gd"
-0.612

the coordination shell (defined in our case by the first
minimum of the Gd— O rdf at 5.0 A as an outer limit) at times
t, and ¢, + t and is only allowed to leave this shell for small
delays shorter than #*. One can assume a decaying exponential
form for this correlation function [Eq. (3)].

n(t) = gexp <T;Nf> 3)

By fitting Equation (3) to the calculated n(r), one obtains
the coordination number ¢ and the residence time 7.
However, the result depends on ¢* and should increase
monotonically with this parameter. We used a canonical value
of 2 ps for *.[* The calculated parameters and the errors from
the fit are given in Table 5.

Residence times obtained for H,O molecules in our second
coordination shell are in the 20-25 ps range for the poly-
aminocarboxylate complexes (56 ps for the polyamino-
phosphonate-based [Gd(dotp)]°~), indicating a fast exchange

Table 5. Second-shell hydration parameters from coordination correlation
function n(z).

Complex Hydration number ¢ Residence time 7y [ps]
[Gd(teta)]~ 1.9 243
[Gd(dota)(H,0)] 43 274
[Gd(dotp) ] 43 56.1
[Gd(dtpa)(H,0) |- 6.9 203
[Gd(dtpa-bma)(H,0)] 44 225
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with bulk water: in comparison, the second-sphere residence
time of water molecules around the inert [Cr(H,O)¢**
complex has been determined both experimentally through
70 NMR and theoretically through MD simulations to be
over 120 ps,'1 whereas in their simulations Kowall et al.”]
showed a residence time of 12, 13, and 18 ps in the second
shell of Sm3*, Nd3*, and Yb3*, respectively. However, our
values should be compared with these results only with
extreme caution, as the hydrogen bonding of solvent water
molecules to the complex proceeds through water O atoms in
these aqua complexes. Our residence times are more properly
compared with other results obtained for organic and bio-
logical molecules (4.8 ps for DMSO in a 1:2 DMSO —water
mixture;? 3.9-77 ps for the

alanine dipeptide;! 10-15 ps 2
for ribose and phosphate O

atoms on the rp operator T
double-stranded DNA frag-
mentB637), T 4

Our metal-centric second 3

shell definition is open to criti- =
cism; indeed, another definition
is quite possible for the pres-

molecules than the coordinating oxygen O, (hydration
number g; > q.) is balanced by a greater lability (the hydrogen
bond lifetime is shorter).

Complexes with acyclic ligands

Structural results: Unlike their macrocyclic counterparts, the
acyclic ligand complexes [Gd(dtpa)(H,O)]*~ and [Gd(dtpa-
bma)(H,0)] do not have the benefit of high symmetry.
Therefore we present only average values over the whole
space for the radial distribution around the Gd** ion (Fig-
ure 8). We observed the same general features as for the
macrocyclic compounds: the position of the first peak of the H
rdf is closer to the metal than that of the O rdf. However, the

ence function P; [Eq. (2)]. By 0o 2
studying the presence of water
H atoms around carboxylate or
phosphonate O atoms, the
mean lifetime of hydrogen
bonds between the complex and solvent molecules may be
obtained. As before, Gd-bonded carboxylate/phosphonate
and free O atoms can be distinguished. The distance limit is
fixed at roy =2.2 A.

That hydrogen bond lifetimes (Table 6) are shorter than the
mean residence times in the second coordination shell can be
explained by the possible jumping of water molecules from
one donor O atom to another without leaving the second
coordination shell. Indeed, we observed a rather high
frequency for water molecules (Table7) simultaneously
hydrogen-bonded to two carboxylate/phosphonate O atoms.
For the free O atoms Oy the ability to bond to more water

[Gd(dtpa-bma)(H,0)] (----).

Table 6. Hydrogen bond number and lifetime around coordinating (O,)
and free (Oy) carboxylate/phosphonate oxygens.

Complex q(O.) T [ps] q(0y) T [ps]
[Gd(teta)]” 11 8.9 1.9 45
[Gd(dota)(H,0)]- 1.0 147 23 6.8
[Gd(dotp)]*- 1.6 27.8 27 27.7
[Gd(dtpa)(H,0) ] 11 9.0 2.6 7.8
[Gd(dtpa-bma)(H,0)] 0.7 13.9 2.1 6.1

Table 7. Probability for water molecules to form two hydrogen bonds
simultaneously.

Complex O, [%] O [%]
[Gd(teta)] 173 9.7
[Gd(dota)(H,0)]- 34.5 103
[Gd(dotp)]*- 92.0 2.4
[Gd(dtpa)(H,0) ] 54.8 27.1
[Gd(dtpa-bma)(H,0)] 494 14.0

Chem. Eur. J. 2001, 7, No. 3
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Figure 8. The rdf for water O atoms (left) and H atoms (right) around Gd of [Gd(dtpa)(H,0)]*~ (—) and

average number of water molecules present in the second
coordination shell (Table 4) is higher than for the [Gd(teta)] ",
[Gd(dota)(H,0)]~, and [Gd(dotp)]>~ complexes, consistently
with a more extended bonding site. Indeed, the hydrophilic
part of the complex is proportionally larger for the acyclic
complexes. The ligand occupies eight sites in the capped
square antiprism geometry, five of which are used by
carboxylate/amide O atoms in the acyclic ligands (compared
with only four in the macrocyclic ligands). The second-shell
coordination number is higher for the doubly charged
[Gd(dtpa)(H,O)]*~ than for the neutral [Gd(dtpa-bma)-
(H0)].

Influence of the inner-sphere water molecule on the second
coordination shell: Since the dipole orientation of the water in
the second coordination shell water is almost the opposite of
that of the inner-sphere water molecule, one may wonder
about the interaction of the latter with water molecules
belonging to the second shell. The radial distribution of
solvent water around the inner-sphere water protons (Fig-
ure 9) has a peak near 2.0 A, with a following minimum at
2.3 A. The height of the peak depends on the ligand: it is quite
strong for the [Gd(dtpa)(H,O)]*~ complex, but almost
disappears for [Gd(dtpa-bma)(H,0)] and only a shoulder is
observable for [Gd(dota)(H,O)] . We calculated the occur-
rence of hydrogen bonds between the inner-sphere water
molecule and the solvent using a geometrical definition.
Besides a distance criterion ry_o,_ <2.3 A given by the first
minimum of the rdf of solvent oxygen around the inner-sphere
water hydrogen, a further angular condition @q_y, o, <30°

s”Usolvent
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Figure 9. The rdf for water O atoms around inner-sphere water H atoms of
[Gd(dtpa)(H,O)]  (----),  [Gd(dtpa-bma)(H,0)] ~ (--), and
[Gd(dota)(H,0)]~ (—).

was required to define a hydrogen bond* 3! (Figure 10). The
results show that inner-sphere water indeed interacts with the
second-shell water molecules, since 10-30% of the stored
configurations (depending on the ligand) show second-shell
water molecules bonded to it in this way (Table 8).

\
—H
150°< ©<210°
r<23A
e (W
o)
Gd”

Figure 10. Criteria for hydrogen bonding between inner-sphere and outer-
sphere water.

Table 8. Hydrogen bonding probability for the inner-sphere water mole-
cule.

Complex [%]
[Gd(dota)(H,0)]~ 13.8
[Gd(dtpa)(H,O)*- 303
[Gd(dtpa-bma)(H,0)] 214

Dynamic results: The dynamic hydration parameters of
[Gd(dtpa)(H,O)]>~ and [Gd(dtpa-bma)(H,O)] were very
similar to those of [Gd(dota)(H,O)] and [Gd(teta)] . Again,
residence times were 20-25 ps with respect to the metal
center ion (Table 5), and around 10 ps for the hydrogen bond
lifetimes (Table 6).

The similarity of macrocyclic and acyclic ligand chelates in
this respect allows the preliminary generalization that a
second coordination shell involving a small number of water
molecules in fast exchange (20 —30 ps residence time) with the
bulk water seems to be a feature of gadolinium (and probably
other lanthanide) polyaminocarboxylates. Ligands of this type
appear to differ only in the number of water molecules
involved. However, the example of [Gd(dotp)]>~ shows that
modification of the functional groups of the ligand can
produce significant changes in the residence time of water
molecules in the second coordination shell.
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Calculation of the outer-sphere relaxivity from molecular
dynamics simulations

Outer-sphere relaxivity of 'H spins is usually described using
Freed’s analytical force-free model,>4 assuming a free
relative diffusion of water molecules in the neighborhood of
the paramagnetic center. In the light of the MD results
presented so far this assumption is not valid for our systems.
We have checked the consequences of this apparently invalid
approximation, and compared the predictions of the simu-
lations with the experimental data obtained so far.

Freed’s general translational diffusion model incorporates
the standard equation given by Abragam!*! for the dipole -
dipole relaxation of a nuclear spin [ interacting with an
electronic spin S [Eq. (4)] and calculates spectral density
functions J(w) from the Smoluchowski diffusion equation

[Eq. (5)]-

Lt st 252(ﬂ>21v G () 77, () )
Tia 15 vive 47) " 1000 0 !
OP(ry|r, 1) DV [VP( [r.0) + ! P(ry| r,t) VU(r) 5)
= . ro| rt) +— P(ry |1, r
or 0 kT

The spectral density functions J(w) are calculated by means
of Abragam’s time — correlation function [Eq. (6)], where I1 is
the average number density.

4
G =5 1]dr] @D (Q)D G (20)P(ro | r.0)g(ro)/rir
©)

J(©)=2Re / NG ()dt
"o

The potential of mean force U(r) between two particles is

related to the radial distribution function through Equa-

tion (7).

u(r)
kT

Ing(r)=— ™

Thus intermolecular forces can be taken into account for
arbitrary radial distributions. However, an analytical form of
J(w) can only be obtained for the simplest models, such as free
diffusion. This is the approximation made by Freed in the
widely applied force-free model. In the general case it is
possible to perform a numerical calculation based on finite
difference methods. Instead of a continuous diffusion as
described by the Smoluchowski equation, let us consider a
succession of finite jumps between discrete distances r;. One
can then reformulate the problem of evaluating J(w) as in
Equations (8) and (9).4

[-W+B—-1/T1-iwl]Q=R ®)

N Ar

J(w) = 217; = Re(Q) )

The matrix equation given by Hwang and Freed® does not
include the electron relaxation rate 1/7;., but comparison of
the derivations of the analytical equations with and without
this contribution leads straightforwardly to Equation (8). W is
the transition probability matrix between discrete values of
the distance r, whose elements include free diffusion and the
force derived from the potential U(r).*! The elements of the
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various matrices and vectors are given by Equations (10) and

(11).
Ri=g(r)ir} (10)
By =0,6D/1? (11)

where D is the diffusion coefficient (22.36 x 10~ m~2s~! for
water at room temperaturel®!). Thus if the average diffusion
coefficient and electron relaxation rate are known, calculation
of the spectral distribution function J(w) from the radial
distribution function g(r) is simply a matter of solving the
matrix Equation (8) to find the elements of Q(r). Continuous

[Gd(dotp)]’~). The [Gd(dotp)]>~ NMRD profile was taken
from the literature,*! whereas [Gd(teta)]~ was measured in-
house.

The outer-sphere relaxivity profile calculated for
[Gd(dota)(H,0O)]~ and [Gd(dtpa-bma)(H,0)] using the gen-
eral model compare favorably with Freed’s force-free model,
with the advantage that it is not necessary to guess the
distance of closest approach agqy (Figure 11). Freed’s ana-
lytical force-free model can be used as an empirical relation-
ship, involving two parameters, D4y and agqy - In practice, the
closest approach distance agqy is fixed at a reasonable value
and the relative diffusion constant Dgqy is adjusted. The
parameters extracted from this model are only effective ones,

variation of w then leads to the calculation of the nuclear
magnetic relaxation rate 1/7; as a function of the observation
frequency: that is, the nuclear magnetic resonance dispersion
(NMRD) profile. 8 -

Besides the structural information provided by the rdf, one
also needs to know the electronic relaxation rate 1/7T,, as a
function of the observation frequency w. In the last few years
several equations have been proposed to account for the
electronic relaxation of Gd" chelates,**! with varying
success. In the following calculations we used the approach
and parameters of Powell et al.,’”! where simplified expres-
sions provide an adequate description of the electron B B B S B
relaxation [Egs. (12) and (13)] and spin rotation [Eq. (14)] 102 107 10% 10% 10° 107 108 10°

however, with no direct physical meaning.

—>

ImM -1s-1

1os

r

contributions to the 'H and 7O nuclear magnetic relaxation of 'H Larmor Frequency / Hz >
these complexes. 81
]
5.26 7.18 T 6.
= 2n< + ) (12)
T 14+ 0372w272 1 + 1.24w,.7, -
Lo L wrass ) 3}( P ) (13) : T N
=— A%, — N
T, 25 1+ w22 1+ 40?72 E .
2 2
1 og? =
= °g (14) >~
Tesk  9tx
0 T UL B ™ ul
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In spite of the clear weaknesses identified by Powell 102 10° 10¢ 10° 10° 107 10% 10

et al.,”") they have the advantage of relative simplicity.

A custom-made program (available upon request) based on
Equations (4) —(13) was developed for the calculation of the
outer-sphere relaxivity from the rdf and electron relaxation
equations. For [Gd(dota)(H,0)]~, [Gd(dtpa)(H,O)]*~, and
[Gd(dtpa-bma)(H,0)] we have compared our calculations
with the estimated outer-sphere contribution given by the
simultaneous 70O NMR/NMRD/EPR fitting procedure of <
Powell et al., who used Freed’s force-free model (Table 9).

Experimental room-temperature NMRD profiles are report-
ed when no inner-sphere contribution exists ([Gd(teta)]~ and

tH Larmor Frequency / Hz —_—>

—>
(-2
i 1

/mM -1s-1

U ———
162 103 104 105 106 107 108 10°

1H Larmor Frequency /Hz ——>

Figure 11. Outer-sphere relaxivity profile of [Gd(dota)(H,O)]~ (top),
[Gd(dtpa-bma)(H,0)] (middle), and [Gd(dtpa)(H,0)]*~ (bottom) from
MD simulations (—), from Freed’s force-free model (----), and with
agan =3.0 A ()

Table 9. Electronic relaxation and diffusion parameters used in the simulation
of NMRD profiles.

2

Complex A? 7, og R Dgan agan

[10®s7%]  [ps] [ps] [107°m~2s71]  [A]
{ggggfa))](l[{]p)]*[b] ?. p ﬁ 8'019 ;7 50'2 ;5 In Fll.e case of [Gd(Qtpa)(HQO)]z‘, our calculatgd 1ow-fifeld
[Gd(dotp) ]l 0.9 11 0019 77 - _ relaxivity is 20% higher than the value obtained using
[Gd(dtpa)(H,0)]>- 4.6 25 0012 58 20 35 Powell’s empirical parameters. This discrepancy can be
[Gd(dtpa-bma)(H,0)]" 4.1 25 0008 66 23 3.5 removed by reducing the closest approach distance in Powell’s

model from its typical value of 3.5A to 3.0 A, which is
significantly lower than the Gd-H distance for the first

[a] Electronic parameters from fit to the experimental NMRD data. [b]
Parameters from ref. [27].
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maximum of the rdf (3.4 A) and should be considered as an
effective parameter only. [Gd(dtpa)(H,O)]> is the only
compound in our study for which the rdf peak of the second
shell rises well above unity (Figure 1right and Figure 8right),
corresponding to 12.8 protons in the second shell (Table 4).
The higher calculated relaxivity might be explained by the
presence of a significant number of protons at r<3 A
compared with [Gd(dota)(H,0)]- and [Gd(dtpa-bma)-
(H,0)]. The residence time of water molecules in the second
shell of [Gd(dtpa)(H,0)]> is in the same range as for the
other polyaminocarboxylates, so the only apparent difference
is the number of these molecules. It is possible that our
simulations overestimate the second-shell hydration number
in this case. However, since no direct experimental data are
available, it is impossible at this stage to compare the
respective accuracy of the experimental and theoretical
estimates.

Since direct experimental measurements are possible for
[Gd(teta)]- and [Gd(dotp)]’~, they clearly require a more
detailed discussion. The NMRD profile obtained for
[Gd(teta)]~ with the [Gd(dota)(H,O)]" electronic parameters
is essentially the same as for [Gd(dota)(H,O)]", about twice
as high as the experimental profile (Figure 12). It was only

1]

- 64

)

= 2

E 4

8

w24 7—‘;'\\._\4\
0 Ty BERRA BERRAL | AR S T Ty y

102 103 104 105 106 107 108 10°9

1H Larmor frequency /Hz —>

ImM 181 ——>

r

0 T T T T T T T
102 103 104 105 108 107 108 109
1H Larmor Frequency /Hz ——>
Figure 12. NMRD profile of [Gd(teta)]~ (top) and [Gd(dotp)]>~ (bottom);
.-+, profiles incorporating the electron relaxation parameters determined
by Powell et al. for [Gd(dota)(H,0)]".

possible to reproduce the rather low [Gd(teta)]~ relaxivity
(2.8mm~!s7! at 0.02 MHz) by drastically changing the elec-
tronic parameters from those of [Gd(dota)(H,O)]". As a
crude visual fitting procedure, we set the trace of the square of
the zero-field splitting operator A% to 9 x 10" s=2. This leads to
a much faster electron spin relaxation than that obtained by
Powell et al. for [Gd(dota)(H,O)]", thus significantly reduc-
ing the relaxivity. Preliminary X-band (9.425 G Hz) EPR
measurements indicated that the electron spin relaxation of
[Gd(teta)]~ was indeed extremely fast, with a linewidth ten
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times as high as [Gd(dota)(H,O)]~ (Figure 13). In this respect
[Gd(teta)]  is definitely not such a good model of the outer-
sphere relaxivity of [Gd(dota)(H,O)] as it is sometimes said
to be.”l A more complete analysis of the properties of this
compound is beyond the scope of this work.

—— [Gd(teta)]"
- - - [Gd(dota)(H Q)]

—

Intensity / A. U.

-2

T T T T T T T
2000 3000 4000 5000
B IG —>

Figure 13. Room-temperature X-band EPR spectra of [Gd(teta)]~ and
[Gd(dota)(H,O)]".

The NMRD profile we have calculated for [Gd(dotp)]>~
with the [Gd(dota)(H,O)]~ parameters is only 6% too low
(6.8 instead of 72mm~'s! at 0.01 MHz). Aime et al.*?
obtained a good fit of their NMRD data using two contribu-
tions: Freed’s force-free model with agy =376 A (r, =
33mm!s7'at 0.1 MHz), and an inner-sphere-like contribu-
tion with hydration number g=1 and a residence time of
3000 ps. Our results indicate that such a long correlation time
is not necessary, as we are already able to account for the
major part of the observed relaxivity in terms of our second-
shell data (with a much shorter residence time of 56 ps). The
low-field part of the profile is correctly reproduced after a
slight adjustment of the electron spin parameters (results of
the fitting procedure are reported in Table9), but the
agreement is not exact at higher fields. Admittedly our
structural model of [Gd(dotp)]>~ is not perfect. The calculated
Gd—N distance (3.0 A; Table 2) is significantly longer than the
observed distances in similar polyaminocarboxylate and
polyaminophosphinate complexes (typically 2.6-2.7 A). Fur-
thermore the possible presence of counterions in close contact
with the complex, as shown, for example, by Sherry using »*Na
NMR spectroscopy,’! would certainly affect the second
coordination shell. Taking counterions into account in the
simulation would greatly increase the computational cost,
however, requiring a much larger periodic box. Even more
fundamentally, the discrepancy at higher field may well
originate in the inadequacy of the model of relaxation
through translational diffusion for this complex. Indeed, the
residence time we have observed in the second shell of
[Gd(dotp)]’~ (56 ps) is not negligible with respect to the usual
rotational correlation time of such complexes (60-80 ps®7).
Thus a purely translational diffusive motion (as described by
Smoluchowski’s equation) might not be strictly valid in this
case.

In the case of the macrocyclic complexes, the partial rdf for
the hydrophilic and hydrophobic regions (Figure 3) enables us
to estimate their respective contributions to the outer-sphere
relaxivity. Depending on the complex, the hydrophilic con-
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tribution increases from 63 % of the overall low-field outer-
sphere relaxivity for [Gd(teta)]” to 71% for [Gd(dota)-
(H,0)]~ and 73 % for [Gd(dotp)]*~.

Conclusion

We have investigated the outer-sphere hydration of polyami-
nocarboxylate and polyaminophosphonate gadolinium che-
lates, for which a force-free model had previously been
assumed in the analysis of magnetic resonance experiments. A
more realistic description is necessary for a better under-
standing of the nuclear relaxation properties of aqueous
solutions of these compounds.

Beyond the structural differences of the complexes studied,
there are similarities that extend to other compounds of the
same class. A few water molecules are hydrogen-bonded to
the hydrophilic groups of the ligand (their exact number
depends on the number of such residues available for
bonding), forming a second coordination shell. The behavior
of this second shell is therefore highly dependent on the
charge distribution of the Gd™ chelate. Depending on the
ligand, the structure can be highly anisotropic, as for the
complexes of the macrocyclic ligands teta*-, dota*-, and
dotp®~. These water molecules have a very short lifetime in
this second shell compared with that in the inner sphere,
typically 20-25 ps for polyaminocarboxylate complexes in
contrast to microseconds for an inner-sphere water molecule.
The water molecules surrounding the hydrophobic part of the
complexes are randomly oriented and their lifetime ap-
proaches that of water for self-diffusion in neat water
(3 pst!). As can be seen from the example of [Gd(dotp)]>~
the use of different ligand types (such as polyaminophospho-
nates) can increase the outer-sphere relaxivity by stabilizing
the second coordination shell. Furthermore, due to the
anisotropy of this hydration shell, the hydrophilic side of the
complex can be the source of as much as 73 % of the outer-
sphere relaxivity at low field.

We have demonstrated the limitations of Freed’s force-free
model for some complexes, notably [Gd(dotp)]>~. We can
relate our results to experimental data through a numerical
approach based on Freed’s general model, including electron
spin relaxation. By a method based on finite differences,
one can calculate spectral density functions from the readily
available radial distribution function g(r). Our results are
in general agreement with the experimental data without
the need to introduce too many adjustable parameters.
However, a quantitative agreement in all cases will only be
possible when the electron spin relaxation is further eluci-
dated.
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