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Second-Sphere and Outer-Sphere Proton Relaxation of Paramagnetic Complexes: From
EPR to NMRD

J. W. Chen,*"8 R. L. Belford, "8 and R. B. Clarksont$

Department of Chemistry, Department of Veterinary Clinical Medicine, College of Medicineetdity of
lllinois at Urbana—Champaign, Urbana, Illinois 61801

Receied: January 31, 1997; In Final Form: December 1, 1997

Magnetic resonance imaging often utilizes paramagnetic contrast agents (PCAS) to increase contrast between
adjacent tissues. PCAs enhance the contrast by increasing thelaftite proton relaxation rate through
processes known as inner-sphere, second-sphere, and outer-sphere mechanisms. Past studies on PCAs often
described relaxation rates that are not caused by inner-sphere processes as outer-sphere, since comparatively
little is known about second-sphere water. Utilizing vanadyl complexes (ethylenediaminetetraacetate (EDTA)
and diethylenetriaminepentaacetate (DTPA)) that do not have an inner-sphere proton relaxation contribution
and those with similar functional groups of different sizes, we find that the outer-sphere model does not
adequately describe the relaxivity profiles. The observed relaxivity profiles are, however, consistent with a
model that includes both second-sphere and outer-sphere contributions. Vanadyl ethoxybenzyl-diethylen-
etriaminepentaacetate (VOEOB-DTPA) exhibited relaxivity similar to that of DTPA, even though it is larger.

This is attributed to a hydrophobic moiety on EOB-DTPA that prevents protons from binding to the second
coordination sphere. The combined model developed for the vanadyl complexes is used to simulate the
gadolinium triethylenetetraaminehexaacetate (GdTTHA) proton NMRD profile, and the results are extrapolated

to deconvolute GADTPA and GAEOB-DTPA proton NMRD profiles into inner-sphere, second-sphere, and
outer-sphere contributions. We find that the second-sphere mechanism is significant and may contribute
about 30% of the relaxivity in GADTPA and about 10% in GAEOB-DTPA.

1. Introduction such agents, the rotational correlation time)(is the most
significant contributor to the inner-sphere (protons exchange
within the first coordinate sphere of the agent) and the second-

efficiency of proton relaxation. This property of paramagnetic sphere (protons hydrogen-bonded to the second coordination

NN - - ) . sphere of the agents) proton relaxation processes at magnetic
species is usually utilized in contrast-media-enhanced magnet|cfieId strengths used in clinical applicationBs(> 1 T). The
resonance imaging (MRI) to ingreasg the §ignal i.rlltens.ity (asin selective study of model agents without inner-spheré contribu-
n |mag|ng) orto de_cr_ease_ the signal intensity (Q‘Ezmnaglng). tions can offer insights into the role the second-sphere process
Following the administration of a paramagnetic contrast agent

(PCA), the signal intensity of the targeted tissue becomes play§ n .proton relaxation and can help to uncover the
different from adjacent tissues that are not targeted by the relationship between structure and second-sphere proton relax-

contrast agent. This provides a means by which a particular ation. For this to be accomplished, two types of data must be

tissue type may be identified or distinguished from adjacent OPtained: the rotational correlation time;, and the proton
tissues that might otherwise not be sufficiently distinct in relaxation profile without inner-sphere contributions. These data

noncontrast-media-enhanced imaging. A rational design of must be measured for chelates with structural similarities so as

paramagnetic contrast agents requires that the potential agent© establish a systematic comparison of the relaxation process
possess not only high proton relaxation enhancement but alsoand to .relate the chelate structure to the second-sphere proton
specificity for different tissue types (as well as low toxicity and relaxation.
excretability). To be able to incorporate these features into a The proton relaxation profiles can be obtained from nuclear
contrast agent, one should understand and exploit the relation-magnetic resonance dispersion (NMRD) studies and will be the
ship between chelate structure, which relates to an agent’s abilityfocus of part Il of this paper. In part | we are concerned with
to target, and the dynamics processes, which contribute to thethe measurements of the rotational correlation times. Electron
efficacy of the proton relaxation. paramagnetic resonance (EPR) is an excellent technique to study
The rotational dynamics of a paramagnetic agent usually dynamics of paramagnetic species. However, the paramagnetic
modulate the proton relaxation enhancement of typical small- ion used in clinical contrast agents, &d possesses nuclei
chelate paramagnetic contrast agents such as GdB:?PRor having either no magnetic moment (69.6%) or weak moments
(30.4%) and is virtually isotropic in the Zeeman term at X-band.
*To whom correspondence should be addressed. E-mail: jwcj@ This makes G# very insensitive to motion. Chen et al.

The motion of paramagnetic complexes near solvent protons
creates a local fluctuating magnetic field that increases the

Uiuft?guértmem of Chemistr recently used a substitute paramagnetic ion, vanadyP(y,0
xDeSaﬂmem of Veterinar);'cnnicm Medicine. for the study of rotational dynamics of contrast agents and
8 College of Medicine. verified that the sizes of the vanadyl complexes are similar to
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their gadolinium analogué’s.Since the pioneering work by  may be applicable to our systems will be presented in the
Wilson and KivelsoA on vanadyl ion (VG") dynamics, discussion below.
advances in both theory and computational tools have enabled The Solomor-Bloembergen theory can also be applied to
extremely accurate simulations of the vanadyl EPR spéétra. describe second-sphere proton relaxation enhancement, in which
Since vanadyl possesses very anisotropic hyperfkeand protons are hydrogen-bonded to the contrast agent and relax
Zeeman ¢) matrixes as well as a large nuclear moment=( via a dipole-dipole interaction with the paramagnetic species.
712), it is very sensitive to small changes in the motion; Consequently, only the dipolar term of eq 1 applies to second-
consequently, accurate rotational correlation times can besphere proton relaxation. A second-sphere process was origi-
obtained. Thegs measured from EPR can be used to aid the nally proposed for fluoromethemoglobinand has also been
fitting of the NMRD profiles. In addition, vanadyl, having at  suggested to account for the relaxivity of native transfeiin.
most five coordination sites, does not have any site for inner- Here, to differentiate between first and second sphere param-
sphere water when complexed with the hexadentate ethylene-eters, the relevant parameters are primed to indicate second-
diaminetetraacetate (EDTA), the octadentate diethylenetriamine-sphere parameters (emqy', d, r').
pentaacetate (DTPA), and the octadentate ethoxybenzyl-DTPA Outer-sphere proton relaxation enhancement, due to protons
(EOB-DTPA). Therefore, since these complexes have no inner- diffusing past the agent, is most often described by translational
sphere contribution, they are ideal for studying second- and diffusion. The translationally modulated outer-sphere diffusion
outer-sphere mechanisms without inner-sphere complications.contribution toT;, based upon a rigid-sphere model (Hwang
At this point it is advantageous to describe briefly the theories and Freed modef11.12js:
that are commonly used in analyzing the NMRD profiles. Inner- , N, [M]
sphere proton relaxation enhancement is due to protons bound 1327 2 2,2 4o A . .
to the first coordination sphere of the contrast agent. The ﬁ(4_05)7' vdh (E) SS+1) aD [3i(e)) + 7)(@9)]
Solomon-Bloembergen (SB) equatiotfshave often been used

to simulate inner-sphere relaxivity data (@) = Re[L + L/4(wT + 1/15)1/2]/[1 + (iwt + ,L,/,L,S)lIZ +
1 M g 419Gwrt + titg + 19Gwr + T/t ¥}
T, [MITw + 7y 5
=3, =a/D 3)
2 2 77
TI,& (dipolar)= 1—25(:‘72) (V'gitB SS+1) % + wherea is the distance of closest approach between the solvent
r 1+ w5t protons and the paramagnetic complé¥, is Avogadro’'s
31 ] number, and is the sum of the diffusion coefficients for the
T 5 5 solvent protons and the agent.
1ty Previous studies focused on paramagnetic agents that have a
) A . large inner-sphere contribution, thus making the study of second-
~1 _ < 'S e sphere and outer-sphere mechanisms difficult. Moreover, since
Taw (contact) 3S(S+ 1)(h) 1+w52 1(2: (1) relatively little is known about second-sphere effects, the
relaxivity not accounted for by the inner-sphere model often
whereq is the number of water ligands per metal ioM][is was attributed entirely to translationally modulated outer-sphere
the concentration of the paramagnetic contrast agéhy, i relaxation (referred to as outer-sphef@)t Nonetheless, several
the concentration of water (55.6 mol/liten); is the nuclear authors have suggested that the second-sphere mechanism may
gyromagnetic ratioy is the permeability of vacuunug is the not be negligible:>16 Therefore, a clearer understanding of
Bohr magnetonS is the electronic spings and w, are the ~ second-sphere effects would (1) allow a more physically
corresponding electron and nuclear Larmor frequendigsis reasonable analysis of the relaxation data and (2) aid in the
the longitudinal relaxation time of inner-sphere coordinated design of future MRI contrast agents.
protons,g is the electronig-factor (assumed to be isotropic), We report here the utilization of these model complexes to
r is the protor-metal ion distance, aniksis the nuclear-electron ~ study second-sphere and outer-sphere mechanisms. In part |
hyperfine coupling constant. The correlation timesand 7. of the Results and Discussions section, we discuss the variable
are defined as follows temperature EPR study of these complexes. In part Il, we apply
the EPR findings in part | to aid in the simulation of the vanadyl
1_1.1.1 complexes’ NMRD profiles. These profiles can be (1) com-
Tc Tr Ty Ts pared with each other to examine the relationship between
structure and second- and outer-sphere contributions and (2)
1_1 4 1 ) simulated under a second-sphere model (SB) and/or an outer-
Te Ty Ts sphere model (HF) to examine the suitability of these theories

for describing the relaxation behavior of these complexes. In
whererr is the rotational correlation time for the entire agent- part 1ll, we show how the vanadyl data can be useful in
proton complexzy is the residence lifetime of the bound water understanding gadolinium complexes.

protons, ands s the electronic spin relaxation time. In dilute The chelating agents chosen are shown in Figure 1. They
aqueous solutions the electronic splattice and the electronic  were chosen not only because they are chelates of clinically
spin—spin relaxation times are approximately eqtiéiherefore, interesting gadolinium agents, but also because they increase
T1e is assumed to be equal tgelin this study. in size from EDTA to DTPA to EOB-DTPA and share many

It should be mentioned at this point that the Solomon  structural similarities.
Bloembergen theory has assumptions that may limit its validity = Looking at the structures of these chelates (Figure 1), one
to certain systems, and these limitations have been well sees that they all share one feature: the presence of carboxylic
described by Kowalewski et &l.The relevant violations that  groups. At pH= 7.4, these carboxylic groups will donate their
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Figure 1. Structures of the chelates used in this work. Note that EDTA, DTPA, and TTHA are successive expansions of the same basic functional
groups. Also note that DTPA and EOB-DTPA are identical except that EOB-DTPA contains an aromatic moiety.

protons and form anions. These negative charges and thethe top of the cavity. The measured temperature then was
electron-dense oxygens can potentially attract water protons anccalibrated from a temperature calibration curve derived by
form hydrogen bonds. This should be true for both vanadyl placing thermocouples both in the center and at the top of the
and gadolinium complexes; in the vanadyl case, the vanadyl cavity. A standard field calibration utilizing a DTM-141 digital
oxygen can also attract additional water protons. Therefore, it teslameter also was performed.

is reasonable to hypothesize that second-sphere protons may 5 > 3 NMRD Relaxometry. Variable-temperature NMRD
account for part of the so-called “outer-sphere” relaxation and experiments were performed on a Koenig-Brown IBM field
potentially may confer significant relaxation to the solvent cycling relaxometer (type blue) located in the Biomedical
protons. Magnetic Resonance Laboratory at the University of lllinois at
Urbana-Champaign. Experiments were performed both on the
samples to find the overall relaxation rate and on the blank saline

2.1. Chemical Preparation. All the chemicals of the highest  solution to obtain the diamagnetic contribution to relaxation
grade were obtained from Aldrich unless otherwise indicated. since
The stock vanadyl sulfate solutions were prepared from deion-
ized water and purged with argon to prevent oxidation of the 1 1 1
vanadyl ion. Sample solutions were prepared by combining in f = ?1 - T_ld (4)

a 1:1.2 ratio the stock vanadyl sulfate solution and the powdered P

chelates. EDTA and DTPA were obtained from Aldrich, TTHA
B i SUPBIEC B by NN, Tois e iamagret conibuton o th saton
raise the pH to physiological pH(7.4). N -(2-hydroxyethyl)- rate, andTy, is the paramagnetic con.trlbutlon to the relaxatlpn
piperazineN'-2-ethanesulfonic acid (HEPES) buffer was added 'at€- 1M1, normalized to concentration (usually to 1 mM) is

to prevent the formation of vanady! hydroxi@end to buffer ~ called relaxivity.

the solutions. The final solutions were again purged with argon.  2.3. Computation. For more details on the computation
The final concentrations were approximately 3 mM for EPR methods and the software used, please consult Chen et al. and
experiments and 5 mM for the NMRD experiments. Solution references contained theréinAll the software mentioned here
concentration was determined by plasma emission spectroscopynay be obtained via anonymous ftp at the lllinois EPR Research
on a Perkin-Elmer Model P2000. Center?!

2.2. Spectroscopy. 2.2.1. UV/Vis SpectroscopyJV/vis 2.3.1. EPR Simulations. The powder pattern computation
spectra were taken on all samples immediately following to derive theA-matrix andg-matrix employed SIMPOW, a
preparation and preceding the actual EPR experiment (in casessibling program of QPOV#2.25 Motionally modulated spectral
where time did not allow experiments to be performed im- gimylations used EPRLF by Budil et 324 a family of

mediately after preparation). All samples exhibited the char- nrograms utilizing the stochastic Liouville equations that include
acteristic two peak spectra for EDTA-like chelates complexed nonsecular contributions in the spin Hamiltonian. FIT, an
to vanady# to indicate that chelation was complete. The two 5tomatic fitting program incorporating the EPRLF simulation
peaks are at 586 nm (all complexes) and at 776 nm (EDTA), gngine and based on Brent's metffof parabolic interpolation
72 nm (DTPA), 772 nm (TTHA), and 770.nm (EOB-DTPA). \5q developed to aid and expedite the fitting process.

The ratios of the two peaks were approximately 0.84:1 (586 2.3.2. NMRD Simulations. A multidimensional fitting

nm:770 nm). Our data indicate that these vanadyl complexes, : )
) y P rogram (NMRD version 1.5) based on the simplex method

when stored under argon and refrigerated, maintained the same? h | Bl b . 1) and the H
optical absorbance weeks after preparation. or the Solomor-Bloembergen equations (eq 1) and the Hwang

2.2.2. EPR Spectroscopy Variable-temperature EPR mea- and Freed equations (eq 3) was written to simulate the NMRD
surements were taken on a Varian X-band spectrometer (12 in.profiles. Because of the complexity of these equations, we have
magnet) with a TE;cavity. VOEDTA and VODTPA solutions carefully verified the results of our programming with published
were held in an aqueous flat cell, while VOEOB-DTPA was WOrk as well as comparing to manual computational results
held in a quartz tube wita 1 mminner diameter. Sample Performed utilizing a Unix symbolic calculator with arbitrary
temperatures were regulated by flowing gaseous nitrogen Precision, CALC, version 2.9.3t8.
precooled by liquid nitrogen through a Varian variable-temper-  The electron relaxation for vanadyl complexes and gadolinium
ature controller and measured by a thermocouple placed nearcomplexes is taken to be described by

2. Materials and Methods

whereT; is the relaxation rate of the sample solution measured
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TABLE 1: Rigid-Limit-A and g-Matrixes for VOEDTA,
VODTPA, VOTTHA, and VOEOB-DTPA (a) VOEDTA

Axxa Ayya Azza
complex (MHz) (MHz) (MHz) 0O« Oy 02z

VOEDTA —183.4 —169.5 —501.2 1.981 1.978 1.945
VODTPA —186.1 —172.0 —508.2 1.980 1.978 1.944
VOTTHA —186.5 —169.4 —503.8 1.979 1.977 1.943

VOEOB-DTPA —187.6 —169.7 —502.9 1.981 1.978 1.943

@ The values ofA can be converted from megahertz to gauss with
MHz/G = geiff/h, where ge is the g-value along the direction
concerned?

2500 2700 2900 3100 3300 3500 3700 3900 4100

Magnetic Field (Gauss

= st IO A
s so\l—i—wsrv 1+ dogty

(b) VODTPA

For gadolinium, this is the familiar BloembergeMorgar?82°
modification to eq 1, the SolomerBloembergen equations,
where 7y is the distortion of the zero-field structure due to
collision. Equations 1 and 5 together constitute the SBM
equations. Kivelson has worked out the electronic relaxation
for vanadyl complexe® In this model,zs is modulated by
the anisotropic Zeeman and the hyperfine interactions and
influenced by rotatiod! Thereforery, for the vanadyl ion, is

related to the viscosity and is proportionalte Here,ry was 550 2750 2950 a1e0 3350 3350 3750 aes0 4150

set torr/4, which is similar to the value and strategy employed Magnetic Field (Gauss)
by Bertini et al’! while 750 is the magnetic field independent
part of the electronic relaxation. (c) VOEOB-DTPA

Because of the large number of parameters that must be
simulated, we tailored our simulation program to allow an
arbitrary number of variables to be either fixed or varied. This
allowed us to explore and sample as much of the parameter
space as physically reasonable. Our general approach involved
first sampling the parameter space and then narrowing the search
space by judiciously selecting and fixing certain parameters that
matched the EPR results. The best-fit set was selected and its

parameters perturbed by 10% to ensure consistent convergence 2600 2700 2900 5100 3300 3500 3700 3900
to the same parameter values. Magnetic Field (Gauss)
3. Results and Discussion (d) VOTTHA

3.1. Part I: EPR of Vanadyl Complexes. Table 1 shows
the rigid-limit g and A values extracted from frozen solutions
at 140 K utilizing SIMPOW. The frozen solution spectra and
their respective simulations are shown in Figure 2. The vanadyl
rigid-limit spectra are quite complex owing to the anisotropic
g andA of this| = 7/2 ion. This feature allows the vanadyl
andA to be accurately determined: alterationsief.5 MHz
in the elements oA and+0.001 in the elements af change .

the x? value (to four significant figures) computed for the 2550 2750 2950 3150 3350 3550 3750 3950 4150

. . T . M tic Field
simulation. We observed small deviations from axial symmetry agnetic Fleld (Gauss)

in all the complexes studied. Note that the values are similar Figure 2. Frozen solution spectra and the respective best-fit simulations
from one complex to another, indicating that the different for the four_complexes studl_ed in partl. The sol_ld I_mes are experimental
. . o . spectra while the dashed lines are the best-fit simulation spectra.
chelates offer nearly identical coordination environments as seen
from the vanadyl ion. This is to be expected since all of these VOEOB-DTPA is the slowest tumbling complex while VOED-
chelates are structurally similar and completely saturate all the TA is the fastest. Since the anisotropy gnand A is not
coordination sites on the vanadyl ion. This indicates that no completely resolved in these intermediate tumbling regimes, the
water can coordinate with the first coordination sphere in these simulation is slightly less sensitive than the rigid-limit simula-
complexes; thus, any proton relaxation due to the presence oftions. Nonetheless, deviations of about 2%rinare readily
these complexes must come from second-sphere and/or outereetected in the simulations.
sphere interactions. It is surprising that VOTTHA is actually faster than both
Tables 2-5 summarize the rotational correlation times for VODTPA and VOEOB-DTPA above 5C. It appears to slow
VOEDTA, VODTPA, VOEOB-DTPA, and VOTTHA found substantially at lower temperatures. Q-band experiments were
from the simulations of their respective EPR spectra, some of performed to validate the information obtained at X-band.
which are shown in Figures 3 and 4. As would be expected Figure 5 shows the spectrum and its best-fit. Both Q-band and
from the structures and molecular sizes of these complexes,X-band results agree.
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TABLE 2: Best-Fit Rotational Correlation Times (zr) and

Residual Line Widths (o) for VOEDTA from EPR () VOEDTA
T (K) R (S) o’ (G) R?
327 4.14x 10711 2.42 0.97
300 4.78x 1071* 2.11 0.98
291 6.17x 10°1* 3.70 0.99
288 8.68x 1071 2.04 0.99
281 1.00x 10710 2.99 0.99
276 1.13x 10°%0 1.39 0.99
271 1.56x 10710 2.85 0.99
266 3.56x 107%° 2.24 0.96 ‘ L L . ‘
261 7.55x 10799 1.81 0.98 2850 2950 3050 3150 3250 3350 3450 3550 3650 3750 3850 3950
257 1.04x 10798 227 0.96 Magnetic Field (Gauss)
TABLE 3: Best-Fit Rotational Correlation Times (zg) and
Residual Line Widths (o) for VODTPA 2 (b) VODTPA
T (K) 7R (S) o’ (G) R?
327 5.95x 107 3.49 0.98
300 1.05x 1070 0.92 0.99
286 1.56x 10710 0.51 0.99
276 2.08x 1071° 0.00 0.98
266 2.90x 10710 0.00 0.97
261 3.82x 107%° 2.54 0.96
256 7.19x 107%° 1.97 0.98
TABLE 4: Best-Fit Rotational Correlation Times (zg) and ‘ ‘ — — ‘
Residual Line W|dths (au) for VOEOB_DTPA from EPR 2800 2900 3000 3100 3200 1.1300‘ 3400 3500 3600 3700 3800 3900
Magpnetic Field (Gauss)
T (K) 7= (S) o'(G) R?
325 1.08x 10710 2.56 0.99 () VOEOB-DTPA
312 1.30x 107 2.25 0.99
305 1.45x 10710 1.90 0.99
300 1.62x 10710 1.67 0.99
297 1.71x 10710 1.35 0.99
288 2.09x 10710 0.19 0.99
282 2.46x 10710 0.00 0.99
275 3.05x 10710 0.00 0.98

TABLE 5: Best-Fit Rotational Correlation Times (zr) and
Residual Line Widths (a'") for VOTTHA from EPR

T(K) TR (S) a"(G) RZ 2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800
326 257x 1011 216 0.99 Magnetic Field (Gauss)
312 6.00x 1011 217 0.99

306 7.00x 10711 218 0.99 () VOTTHA

300 8.72x 10-11 224 0.99

294 1.15% 1010 0.92 0.99

288 1.41x 1010 1.74 0.99

281 1.87x 10710 1.27 0.99

275 3.33x 10°10 6.74 0.98

263 7.13x 10°%9 4.22 0.97

294 1.20% 10°10 0.01 0.97

aQ-band result.

Figure 6 shows the Stokeg&instein plots of the rotational 2900 3000 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
correlation times as functions of temperature and solvent Magnetic Field (Gauss)
viscosity Figure 3. Representative EPR spectra for the four complexes studied
in part I. All four spectra shown are at room temperature. The solid
T = My/T (6) lines are experimental spectra while the dashed lines are the best-fit

simulation spectra. Note that the larger the complex, the slower it

. L . tumbles (and the less it is able to average out the anisotrogyaid
wherem is the slope of the best-fit line to the plot and is: A), resulting in broader lines.

m= 47tF€3/3kB @) molecules are interacting with the water molecules. A zone of
interaction can be derived from such a model (indicated by
As can be seen from Figure 6, in the region studied, the in Figure 7) for which water molecules can either form hydrogen
complexes appear to obey the Stok&snstein equation. bonds with the chelate surface or diffuse closely enough to the
The R found here is the hydrodynamic radius. The radius agent for hydrodynamic interactions to occur. The hydrody-
found with this theory usually overestimates the molecular namic theory assumes that one layer of solvent sticks to the
radius; as such the hydrodynamic radius includes the associatiorsurface of the solute as the solute rot&feg herefore, we can
of the water molecules with the solute molecteTherefore, assume that approximately one layer of water is hydrogen-
the hydrodynamic radius denotes the distance at which the solutebonded to the second coordination sphere of the complexes.
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Figure 5. VOTTHA at Q-band, 295 K.
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Figure 6. Plot of 7r vs 5/T for the four complexes investigated.
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Figure 7. Model used to estimate the distance of closest appradch (

to the metal centen from the hydrodynamic radiugs} found from
EPR).Z is the zone of interaction discussed in the text. The water proton
at 12 o’clock indicates one of the water protons at the so-called distance
of closest approach.

computed from the EPR data are reasonable, it is not yet clear,
for example, why VOTTHA would tumble faster than VODTPA

Figure 4. Representative EPR spectra for the four complexes studied at higher temperatures but slower at lower temperatures, or why

in part I. All four spectra shown are at about 275 K. At this temperature,

VOEOB-DTPA, while similarly sized to VOTTHA, tumbles at

the rotational correlation times are unable to completely average out 3 much slower speed. Many factors would complicate a

the anisotropy irg andA, resulting in greater asymmetry and broader
lines than at their respective room temperature counterparts.

The distance of closest approach,rbfand alsoa), then can
be estimated by accounting for the bond length effOin water.
Since the normal water ©H bond is 0.958 A lond® one can
estimate the distance of closest approach by subtrasthg
A from the hydrodynamic radius. The effective distances of
closest approach’ estimated in this fashion are 3.2, 3.8, 4.4,
and 4.3 A for VOEDTA, VODTPA, VOTTHA, and VOEOB-
DTPA, respectively.

The physical meaning of thg-intercept of the Stokes
Einstein plot is still lacking® Thus, while the distances

complex’s rotational behavior at a given temperature. For
example, hydrogen bonding and the ionic character of the
complexes would affect substantially a complex’s rotational
behavior. VOEOB-DTPA has a hydrophobic moiety while
VOTTHA may be quite hydrophilic, capable of forming
numerous hydrogen bonds. On the other hand, a complex’s
intramolecular interaction will alter its density and size, thus
changing its dynamics relative to other complexes. VOTTHA
may be capable of forming a more compact structure around
the metal center because it is more flexible. A possible scenario
to explain why VOTTHA tumbles faster at higher temperatures
but slows down more dramatically than VODTPA at lower
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temperatures may be that, at higher temperatures, VOTTHA, (a) 278 K
having a more compact structure, would tumble slightly faster
than VODTPA. However, at lower temperatures, where the
complexes tumble slow enough for more hydrogen bonds to
form, VOTTHA would be able to attract more water to bind to

its surface than the less ionic VODTPA. Interestingly, the
smallest chelate, EDTA, does not appear to obey the linearity
quite as well as the larger complexes. This may be because
EDTA, being smaller and less flexible, deviates more from the
spherical symmetry assumed in the hydrodynamic theory
presented here. This observation is strengthened by the results
of our previous study: we found that in a viscous solution .
EDTA appears rotationally more anisotropic than does DFPA. o o1 1 10 100

Tables 2-5 also show the residual line widtha'() for each
of the complexes throughout the temperature range studied. The (b) 284 K
residual line width accounts for contributions from interactions 05 {
not accounted for by the rotational-modulation of the magnetic
tensors and may include unresolved hyperfine interactions and
spin-rotational coupling as well as Heisenberg spin exchange.
In this study, this “residual line width” was modeled with a
Lorentzian line-broadening term in the simulatfod. The
excellent agreement between the experimental and the simulated
spectra for all the complexes at all the temperatures studied
allowed us to avoid adding a Gaussian line-broadening term to
the simulation. As shown in the tables, the residual line widths
for all the complexes are very small{B G for spectra of 1100
G). This finding, together with the very good fits exemplified "0.01 01 1 10 100
by Figure 3, underscores that the isotropic Brownian model is Proton Frequency (MHz)
a good model to describe the rotational dynamics of these model
complexes. The small increasedifi near freezing temperatures (c) 289K
can be attributed to site-inhomogeneities attendant on the T
freezing process, while the increasedifi near the motional- o B v
narrowing regime may arise from Heisenberg exchange between
vanadyl ions. This is supported by the fact that at intermediate
temperatures, where the dynamics of the ions slows down and
the exchange process becomes progressively less effective, the
residual line width contribution decreases and eventually
becomes zero for VODTPA and VOEOB-DTPA. For VOED-
TA, we observed a nearly constant, though very small, residual
line width contribution. This may be caused by a somewhat a2}
less spherical shape of VOEDTA, as evidenced by a small oo p” . ” o
deviation from linearity of its StokesEinstein plot (Figure 6). ' " Proton Frequency (MHz)
In addition, as mentioned above, we have observed in our
sucrose study that VOEDTA in sucrose exhibits larger rotational (d) 203K
anisotropy than VODTPAS which again suggests that VOED- 040 T
TA may not be as spherical as VODTPA, and at the intermediate ! EA A A B v
tumbling rates studied here this rotational anisotropy is not
completely averaged out. Since our model assumes a spherical = 9301
complex, the small residual line width observed could thus be
due to a very small rotational anisotropy that is not accounted
for in our simulation. For VOEDTA in the motionally narrowed
regime, the rotational anisotropy is averaged out, but again
Heisenberg exchange may come into play. In the near-rigid
limit, site-inhomogeneities from freezing may contribute. Line ool
width trends observed in this work support the data found in ' ‘ ‘ . ‘
Campbell and Freddas well as Chen et al.put not those o0 o4 ! 10 100

reported in Wilson and Kivelsoh Proton Frequency (MF2)
. ' Figure 8. Proton NMRD profiles for VOEDTA, VODTPA and
3.2. Partll: NMRD of Vanadyl Complexes. 3.2.1. From VOEOB-DTPA. The abscissa i& = /2. The lines are best-fits

VOEDTA to VODTPA. Figure 8 shows the NMRD profiles  ytilizing both second-sphere and translational outer-sphere models.
for VOEDTA, VODTPA, and VOEOB-DTPA at various

temperatures in the range 27893 K. Notice that at all either a second-sphere or an outer-sphere model, or possibly
temperatures, the relaxivity of VODTPA is higher than that of both, should be applied to describe the relaxation behavior
VOEDTA throughout the entire magnetic field range studied. shown by these profiles.

Since these complexes do not have inner-sphere contributions, We first considered an outer-sphere mechanism, as is often
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TABLE 6: Best-Fit Parameters for VOEDTA under an (a) VOEDTA
Outer-Sphere Translational ModeF
04
278K 284 K 289 K 293 K —
7s0(pS) 150 151 143 150 e
v E\ps) 52 61 53 51 2 oaf
a(A) 2.02 2.05 2.01 2.10 =
D (1075 cni/s) 2.3 2.7 3.1 3.2 =
2 Note that the best-fia is unphysically small. % 02["  outer sphere component
E second sphere component
TABLE 7: Best-Fit Parameters for VODTPA under an <
Outer-Sphere Translational ModeP E o1
278K 284 K 289 K 293 K
Tso(Ps) 125 134 131 156 00 ‘ : : ‘
v &ps) 26 43 54 52 0.01 0.1 1 10 100
a(d) 1.97 1.99 2.01 2.00 Proton Frequency (MHz)
5
D (1075 cni/s) 2.1 25 2.8 3.1 (b) VODTPA
aNotice that the best-fif is similar to those those for VOEDTA
and unphysically small. odz2r
done in literature descriptions of “extra’-inner-sphere relaxivity. o | eeeseememeq ———
The theory used here was presented as eq 3. The distance of - ©032f
closest approachs, would be larger for VODTPA, as shown E
in part I. Reasonable values far(or r' if second-sphere) can Z oml
be, and have been, estimated from EPR studies (cf. part ). The i second sphere component
diffusion coefficient,D, can be computed from the equation: & outer sphere component
c
g )
D =D, + D 8) B
where Dy, is the diffusion coefficient of water, anBy the

002 . ‘ ‘ ‘
diffusion coefficient of the paramagnetic complex, and can be 0.01 01 1 10 100

estimated using: Proton Frequency (MHz)

D, = ks T/6mna, (9) (c) VOEOB-DTPA

041

These estimated values not only can serve as a starting point

for the simulations, but also provide a check of the physical ~ gz
reasonableness of the best-fit parameters.

In this simulation, all four variables in eq 3 are adjustable
parameters. The best-fit parameters are given in Tables 6 and
7. While the best-fit values fdp are physically reasonable, it
is clear from these tables that the values obtainedafare
unphysical. The simulation results in unreasonably small
distances and givea values that are about the same for
VODTPA and for VOEDTA; in fact, the best-fih values for
VODTPA are actually slightlgmallerthan those for VOEDTA. 0.01 : ] :
We attempted to forca to a more reasonable value such as 3 oot B o Larmor F1requency W) 1
A, but then the simulation did not converge. Moreover, the _ ! )

Figure 9. Best-fits of the vanadyl complexes at 293 K. The abscissa

quality of the fits is inferior to simulations utilizing a “com- is vi = wi/27. The solid lines represent the best-fit profiles under the

bined” model (pl76ase see Figure 9 and the discussion below).combined second-sphere and outer-sphere models discussed in the text.
In Bennett et al/, the authors also noted smallarthan that For comparison, an outer-sphere-only fit is also shown. The bottom

predicted when they attempted to account for their nitroxide two curves of each figure represent the contributions of the second-
NMRD profiles with an outer-sphere-only model. Because sphere and the outer-sphere models to the overall relaxivity profile.
possible second-sphere relaxation (see below) was not included
in their analysis, they found that they had to inflate the anisotropic model describes the spectra much more cl8Sely,
contribution of the outer-sphere process with unphysically small suggesting that sucrose may bind noncovalently to the second
a andD values. These findings suggest that an outer-spherecoordination sphere of the complexes. This effectively makes
model, utilizing reasonable values faandD, would generate  the complexes much less spherical; consequently, the rotational
a larger relaxation profile for VOEDTA than for VODTPA, dynamics become anisotropic. This evidence supports the
contrary to experimental observations. Therefore, an outer- hypothesis that these complexes are capable of forming hydro-
sphere model in which proton relaxation is only modulated by gen bonds with the solvent molecules and supports the concept
translational diffusion could not adequately account for our of a second coordination sphere.
observed data. In this model, whereag may be the principal modulator of

Is the observed relaxation behavior consistent with a second-the total correlation timerg), an increase ingr corresponds to
sphere model? We have performed EPR studies of VOEDTA an increase in relaxivity (see eq 1). Therefore, from this, one
and VODTPA in sucrose solutioffsand have found that an  would predict that the larger complex would have a correspond-
isotropic rotational model does not fit the spectra. An axial ingly larger rotational correlation time and, consequently, a

best it
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TABLE 8: Ratios between the Temperatures, the model as the best-fia always converged to a value nearly
Corresponding Rotational Correlation Times, and the identical withr’ (under the constraint that > r'). Note that
g%{gﬁ%’g{;’g%igﬂe’g%r(%)o'\éggr)Aar{}jol‘E%:; A(\O'(%szHZ) Feld with this model, the NMRD profiles are fitted very closely and
VOEOB-DTPA2 ' ’ yielded physically reasonable parameters for both mechanisms.

Figure 9 shows example fits for the complexes at 293 K, along

R, ratio R, ratio A - . .
chelate T (K)T (K) teratio (50 MHz) (0.02 MHz) Wlth their respective second-sphere and out_er-sphere contribu-
tions. For comparison, outer-sphere-only simulations are also
EDTA ;ggg;i 8:323 8:8123 8:8% shown. Notice that the combined model fits the experimental
203/289 0.907 0921 0.902 data more closely than the outer-sphere-only model.
DTPA 284/278 0.831 0.833 0.856 The second-sphere contribution is smaller than the outer-
289/284 0.862 0.880 0.881 sphere contribution for VOEDTA. This is reasonable since
293/289 0.908 0.893 0.941 VOEDTA is a smaller complex with fewer functional groups
EOB-DTPA 284/278 0.830 0.824 0.868 that can attract water protons to coordinate with the second-
289/284 0.878 0.914 0.884 sphere. Its smaller size also allows water protons to diffuse
293/289 0.891 0.922 0.880 closer to the metal ion center, accounting for the relatively large

aThe similarity between the ratios is striking and suggests that Outer-sphere contribution. On the other hand, VODTPA is a
rotation is the dominant factor modulating the relaxivity of these larger complex with more electronegative functional groups, so
complexes. it attracts more water protons to the second-sphere while the

) larger size decreases the relative contribution of the outer-sphere
TABLE 9: Best-Fit Results for VOEDTA Proton NMRD

Profile Utilizing Both Second-Sphere and Translational process compared t.o tha.t of VOEDTA. ]
Outer-Sphere Model$ Several assumptions in the theory may not be valid for

278K 284 K 289 K 203 K vanadyl complexes. Firsg, as observed from frozen solution
EPR spectra and extracted by SIMPOW, is not isotropic and

;;,(?psg) g::l,)l g_'g87 3'?75 5%068 deviates slightly from axial symmetry (Table 1). Second,
7s0(ps) 106 96 87 92 molecular t.umbllng in these complexes, over the temperature
v (pS) 26 22 19 17 range studied, does not completely average out the anisotropy
[ 5.6 5.2 5.6 4.7 in the spin Hamiltonian. As a matter of fact, it is this incomplete
D (10°° cn¥/s) 2.2 2.8 3.2 3.4 averaging that allows the extraction of accurate rotational
a\We have fixedrg at the values found by EPR, at 3.2 A, andry correlation times from an EPR study of these vanadyl com-

= rg/4. The primes on the symbols indicate second-sphere parametersplexes? Nonetheless, these deviations may not be significant
for the interpretation of NMRD profiles since the EPR spectra
of these complexes above8 still showed only eight hyperfine
lines, though asymmetry and line broadening in line shape are
8vident even at 50C. Third, it is known thatr may modulate

7y and hences in vanadyl complexe®21 which violates the
assumption that the physical processes causing electron and
nuclear relaxation be uncorrelated. In addition, it should be
noted that it is impossible to separateq’, andzy' (orr, q,

higher relaxivity. The actual rotational correlation times have
been found from EPR studies in part | (Tables 2 and 3).
Table 8 lists the ratios afz values for the vanadyl complexes
studied at successive experimental temperatures as well as th
ratios between the low-field (0.02 MHz) relaxivities and the
high-field (50 MHz) relaxivities. The ratios oftr values
correspond well to the high field relaxivity ratios, at which
dominategc for the Solomor-Bloembergen model. Note that . - . . )
at low field, wherers andtr become similar in magnitude, the and ™ for inner-sphere r_elaxatlon) in the simulation as they
relaxivity ratios are still very close to the ratios, suggesting are mterdgpendent; varymg or\e c_hanges the other.
that TR and Ts may not be |ndepende?ﬁ Moreover’ the Even W|th these pOSS|b|e VIO|atI0nS, the SO|0m1BiO€m-
observed relaxivity increased as we decreased temperature foP€rgen model, when combined with the translational diffusion
each complex, a trend typical of a-limited agent. However, model, describes the expgrimental profiles better than either
Table 8 reveals thatz does not explain all of the relaxivity of ~ model alone. However, since we can no longer assume that
these complexes at the various temperatures. Simulationsthe physical processes are uncorrelated, the values found by
ut|||z|ng On|y a Second_sphere model (eq 1) do not fit the prof"es the simulation may not be the true VaerS, but rather “effective”
any better than those utilizing only the outer-sphere model, and values as seen through the combined model. However, the
also y|e|d unphysica| parameters such as a Second_sphere Watelsimulations are still valuable not because of absolute magnitudes
proton residence timerg’) of nearly a millisecond as well as  Of the best-fit parameters, but rather because ofréftative
an extremely large number of second-sphere wéteBsth of magnitudes from one complex to another. Useful information
these findings suggest that the translational diffusion processcan be obtained by a comparison of the trends exhibited by the
may still play a role in modulating the relaxivity of these best-fit parameters from one complex to another.
complexes. The number of second-sphere water ligamfisis about one
Therefore, it is likely that both translational outer-sphere and per carbonyl oxygen on EDTA, and about three to four per
second-sphere relaxation processes contribute to the observedarbonyl oxygen for DTPA. The octadentate DTPA will have
relaxivity. Simulations utilizing both contributions were per- three functional groups uncoordinated to vanadyl as compared
formed on the NMRD profiles; the results are shown in Tables to one uncoordinated group for the hexadentate EDTA. These
9 and 10 and the best-fit profiles are shown in Figures 8 and 9. additional uncoordinated, electron-dense, groups on DTPA may
Since multidimensional fitting with a large number of parameters attract more water ligands. It is also possible that the larger
may have a simulation landscape with numerous local minima, DTPA allows the water to form hydrogen bonds not only with
the EPR results proved invaluable. The results found in part | the chelate oxygens but also with each other in close proximity
allowed us to fix four parameters, namely, v (= tr/4), I', to the paramagnetic ion. The simulation also yielded similar
anda (=r"), so that onlyry/', 7sg, ', andD needed to be varied.  water-proton residence times,’, between the two complexes.
However, it appeared not to be necessary todafiMnder this This is expected since the two complexes have similar chelate
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TABLE 10: Best-Fit Results for VODTPA Proton NMRD
Profile Utilizing Both the Second-Sphere and the
Translational Outer-Sphere Models

Chen et al.

TABLE 12: Best-Fit Results for VOEOB-DTPA Proton
NMRD Profile Utilizing Both the Second-Sphere and the
Translational Outer-Sphere Modelst

278 K 284 K 289 K 293 K 278 K 284 K 289 K 293K
7= (NS) 0.183 0.152 0.131 0.119 = (NS) 0.277 0.230 0.202 0.180
™' (pS) 5.9 5.8 5.5 5.0 ™' (pS) 5.2 5.5 5.5 5.9
Tso (PS) 136 112 100 113 Tso (PS) 233 190 151 151

v (pS) 46 37 33 30 v (PS) 69 58 51 45

q 32 30 29 30 q 38 32 28 27

D (1075 cni/s) 1.6 2.1 2.4 2.8 D (1075 cr's) 2.2 2.8 3.0 3.9

aWe have fixedrr at the values found by EPR, at 3.8 A, andry

a\We have fixedrr at the values found by EPR, at 3.8 A, andry

= trl/4. The primes on the symbols indicate second-sphere parameters= 7r/4. The primes on the symbols indicate second-sphere parameters.

TABLE 11: Best-Fit Parameters for VOEOB-DTPA under
an Outer-Sphere Translational Model

278K 284K 289 K 293K
7s0(ps) 198 231 185 173
v E\ps) 98 79 71 111
a(A) 1.94 1.99 2.08 2.13
D (1075 cré/s) 2.4 2.7 2.9 3.0

two chelates are nearly identical in structure. Thus, for the
protons to bind to the second coordination sphere of EOB-DTPA
complexes, the protons must first penetrate the ethoxybenzyl
barrier, and be found near the “DTPA” moiety of EOB-DTPA.
Therefore, the NMRD simulation for VOEOB-DTPA used the
samer’ (3.8 A) as that of VODTPA.

Using this modification to the second-sphere model, one may

structures. Since these complexes are not hard spheres, onexpect a decrease in relaxivity for VOEOB-DTPA relative to

also would expect some deviationsinas predicted by eqgs 7

VODTPA. Note that the outer-sphere model does not take into

and 8. From these simulations, second-sphere relaxation is seemccount the number of protons that may approach the paramag-

to be a significant portion of the “extra’-inner-sphere relaxation,

netic contrast agent and thus does not account for the hydro-

and must be included to describe the relaxation of these phobic nature of VOEOB-DTPA. Therefore, only with a

complexes.
3.2.2. From VOEDTA and VODTPA to VOEOB-DTPA.
Figures 8 and 9 also show the proton relaxivity profiles and
the best fits for VOEOB-DTPA at the various temperatures
studied. The NMRD profiles show VOEOB-DTPA to have a
lower relaxivity than that of VODTPA at low fields and to
approach that of VOEDTA at high fields. This is at first
surprising in light of the conclusion from the previous section.
From EPR studies we have found that VOEOB-DTPA, being
the largest of the complexes studied hetex{ 4.3 A), tumbles
slower than both VOEDTA and VODTPA. Table 4 shows the
results from EPR studies. At first glance one would expect a
larger relaxivity for VOEOB-DTPA than for VOEDTA and
VODTPA because of its slower tumbling rate.

another factor not considered in the previous analysis is
influencing the relaxivity.

An outer-sphere translational diffusion model could in
principle explain the comparison between VODTPA and
VOEOB-DTPA. However, this model cannot then explain the
increase from VOEDTA to VOEOB-DTPA and cannot explain
the observed increase in proton relaxivity between VOEDTA
and VODTPA. Therefore, an outer-sphere translational model
is not an adequate model to explain the relaxivity differences
observed in all three vanadyl complexes.
comparison, we also fitted VOEOB-DTPA to the translational
diffusion outer-sphere model. Best-fit parameters are listed in
Table 11. Again, the distance of closest approagh,is
unrealistically small.

Nonetheless, for

second-sphere model could one reconcile this observation in a
physically sensible manner. This underscores our conclusion
in the previous section that a second coordination sphere
contribution must be included in the theory to describe the
NMRD profiles of vanadyl complexes. Moreover, as will be
shown in part Ill, the second-sphere model also must be
considered when accounting for the NMRD profiles of gado-
linium complexes.

Table 12 shows the best-fit parameters for VOEOB-DTPA
under the combined model (eqs-3, fixing ' at 3.8 A, as
mentioned previously). Figure 9c shows that the outer-sphere
contribution to be slightly less than that of VODTPA. This is
probably attributable to the EOB moiety keeping bulk water

: . _ That the fom diffusing past the agent. The number of water ligands
experiments do not bear out this expectation suggests that

actually increased at lower temperatures relative to those for
VODTPA. However, recall that VOEOB-DTPA tumbles
substantially slower than VODTPA. This allows more water
ligands to approach the complex, particularly at the lower
temperatures. Comparing the trend showndom Table 12

for VOEOB-DTPA with that in Table 10 for VODTPA, one
may infer that at increasingly higher temperatures the hydro-
phobic moiety would play an increasingly larger role in limiting
access to the second coordination sphere.

In addition to exhibiting lower-than-expected relaxivity due
to the hydrophobic group, VOEOB-DTPA’s NMRD profile also
dispersed faster than those for VOEDTA and VODTPA, which
dispersed at nearly the same rate. The sharper slope of VOEOB-
DTPA atw tc &~ 1 is probably due to the dominance wf by

Thus, it would appear that neither the second-sphere nor thethe field-dependents, since for VOEOB-DTPAr is large
outer-sphere model adequately explains the observed resultsand may not modulate the total correlation timerin

However, the EOB moiety on EOB-DTPA is hydrophobic. This

3.3. Part lll: From Vanadyl Complexes to Gadolinium

would prevent some water ligands from approaching the secondComplexes. Simulations of gadolinium NMRD profiles usually

coordination sphere to form hydrogen bonds. Therefgreyr

are complicated by the presence of a significant inner-sphere

the number of second-sphere water ligands, would decreasecontribution. However, GATTHA is known to not have any

The addition of the hydrophobic aromatic group on EOB-DTPA
will slow tr, making the hydrodynamic radius derived from

inner-sphere contribution, and a simulation of its NMRD profile
based on the model derived for vanadyl complexes (with

EPR substantially larger than the “effective” distance of closest translational diffusion outer-sphere and second-sphere contribu-
approach between the water proton and the metal ion. Thetions) is appropriate and useful as a starting point for the more
effectivea andr’ should be close to that for DTPA since the complicated gadolinium complexes. Note that the number of
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Figure 10. GATTHA NMRD profile at 293 K and its best-fits under
the combined model utilizing both the translational outer-sphere model
and the second-sphere model. The abscissa is w//27. The solid

line is the second-sphere best-fiz (is fixed at 0.118 ns); best-fit
parametersiy’ = 4.48 ps,tso= 81.5 ps,ty = 7.52 ps,q = 11.7,r'
=4.40 A,a=4.40 A, andD = 2.05 x 10°° cn¥/s.

100

second-sphere water protomg, for gadolinium complexes is
expected to be less than that for the respective vanadyl analogue

because gadolinium possesses nine coordination sites (vanady

has five) and thus will decrease the number of unchelated
carbonyl groups that can serve to attract water protons.

Figure 10 shows the best fit under the combined model.
GdTTHA has no inner-sphere water (TTHA has 10 chelation
groups). The experimental profile is very closely simulated by
the theory. The caption for Figure 10 lists the best-fit values
found from the simulation for GATTHA. The approach here is
similar to that used for the vanadyl profiles in the previous
section. Note thaé was not fixed, but still converged to the
same value ag. The best-fitryy' of GATTHA is comparable
to the best-fitry' for the vanadyl complexes.

GdTTHA is similar to VOEDTA because both complexes
have one unchelated carboxylate group. But they also differ
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Figure 11. GADTPA NMRD profile at 293 K and its best-fit. The
abscissa isy w/2r. For both second-sphere and inner-sphere
simulations,zr is assumed to be the same as that of VODTPA at the
same temperature and to be the same as derived from EPR for
VODTPA,; g is assumed to be Ir = 119 ps,zu = 20.9 ns,1s0 =
62.7 ps;ry = 9.48 ps,g =1,r = 3.36 A, 7y = 18.0 ps,q = 6.74,
r'=3.80A,a=3.80 A, andD = 3.15 x 1075 cn¥/s.
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above and elsewhe?&? Figure 11 shows the best-fit simulation

nd the caption gives the best-fit values found by the simulation.
s predicted from the GATTHA simulation results, GADTPA
has a relatively larger second-sphere contribution because the
water protons can now approach the metal center closer than
possible for GATTHA. The second sphere contributes roughly
one-third to the overall relaxivity at low field and decreases
slightly to about 25% of the overall relaxivity at the high field.
Note that the best-fity' for GADTPA is slightly larger than
found for GATTHA and the vanadyl complexes. This may be
due in part to the fact that the boundaries for inner- and second-
spheres are not necessarily distinct and some mixing between
the two zones has occurred; alternatively, because the simula-
tions used similar equations to simulate inner-sphere and second-
sphere contributions, we may not be able to completely separate
out parameters for each sphere.

because GdTTHA has many more electronegative groups than  The jnner-sphere contribution increases dramatically at high

VOEDTA due to the difference in the chelates. From both of

fields and actually dominates the overall relaxivity at these

these observations one would predict that the number of secondmigher fields. The simulation clearly demonstrates that at

sphere waters is slightly larger for GATTHA than for VOEDTA
but smaller than for VODTPA, which has three unchelated
groups. The simulation results confirmed this prediction and
yielded approximately 12 second-sphere water ligands for
GdTTHA, compared to about 7 for VOEDTA and about 30 for
VODTPA.

The rotational correlation time was fixed at the value of 118
ps found in the EPR study on VOTTHA from a linear
interpolation of the X-band measurements. The distance of
closest approach of the second-sphere water ligatdalso
was fixed in the simulations to the value of 4.4 A derived from
VOTTHA EPR measurements (see Table 5). At this distance,
the second-sphere contribution diminished dramatically since
this dipolar interaction falls off at a rate of®. The translational
outer-sphere contribution dominates the relaxation profile of
GdTTHA. This may be the reason that previous studies found
satisfactory fits with a translational diffusion model for the
simulation of GATTHA NMRD profiles. However, for com-

increasingly high fields, inner sphere becomes increasingly more
important relative to the other two processes. This explains
the increase in relaxivity observed at fields higher than 50 MHz
(>1 T). The number of second-sphere water ligamshas
decreased relative to GATTHA, in accordance with GADTPA’s
having fewer carboxylate groups and no uncoordinated car-
boxylate group. It is interesting to note that t§efound for
GdDTPA in this study ¢ = 6.74) is similar to the crystal-
lographic result of a similar complexy(= 6).38 The small
difference may be attributed to the difference between solid state
and solution phase, as we are observing a dynamic process in
this study.

Kellar et al. recently revisited their approach to the simulation
of the GADTPA NMRD profiles? Our best-fit parameter
values do not differ qualitatively from theirs in general, but since
our approaches differ because we include a second-sphere
contribution explicitly in our study, some minor differences are
to be expected. Additionally, Kellar et al. apparently used a

plexes, such as GADTPA that have smaller distances of closeskimplified equation forrs; although Kellar et al. did not give
approach, the second-sphere contribution also would increasenheir equation for electron relaxation, we reproduced their results

proportional tor .

To describe complexes with inner-sphere contributions, three
more parameters are neededd, 7v). We fixed the number
of inner-sphere water ligandg, to beone since GADTPA has
one uncoordinated site accessible by water, gandndr’ the
same values as for VODTPA found in the EPR study shown

exactly if, instead of eq 5, we uke®
Tg= rso(l—i-a)gr\z,) (10)

Nevertheless, where we differ the most are in the valuas,of
andr.
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The distance of closest approach for the inner-sphere protons,
r, derived in this work for GADTPA, does not agree with the
crystallographic result of 3.06 A and used in Kellar et al. (3.05
A).17 This leads to a smaller inner-sphere contribution than that
found in previous studies that do not account for a second-sphere
contribution#17 It is important to realize that thein the SB
equations is not a geometric distance, but rather a distance
between two point dipoles under the SB model. With this in
mind, we have attempted to fix the simulation to 3.06 A. The
resulting best-fit simulation, under our model, yielded poorer
fits than that presented in Figure 11 unless we allowed the ‘ ‘ ‘ ‘
simulation to use physically unreasonable parameters. While 0.1 1 10 100
we do not insist that our simulation results represent a perfect Proton Frequency (MHz)
simulation of the GADTPA NMRD profile, we would like to  Figure 12. GAEOB-DTPA NMRD profile at 293 K and its best-fit.
advance the notion that the crystallographic distance, derived The abscissa isi = w//2z. For both second-sphere and inner-sphere
from solid-state studies, may not necessarily apply to solutions. Simulationszr is assumed to be the same as that of VOEOB-DTPA at
There has long been a noted discrepancy, particularly in thetgsDSTa&e tegﬂp_er?turg, 'tslp'eS_UT;: to be_sé'“?"gar to VSDZEA/
field of protein structure, between the distances and structures ¢ "~ égg SSIZ zely ra _ 2TR36 A TM,pi’Tg‘GB p's,q'ﬂ S 11521_ o
found from the solid-state crystallographic studies and the 3 gg angstromsa = 3.80 A, D = 3.90 x 10°5 cr/s.
solution studies (largely NMR studies). Furthermore, if we fix ) ) o
r to be 3.06 A but let vary, then we get fractional of about that a better picture is probab_ly_ one that has a d|str_|but|on of
0.6 for the best fit while the relative contributions of the different distances. Therefore, by confinimgo one value, fractionad
relaxation regimes are only slightly altered from the presented May result. Our best-fit GADTPAw (water-proton residence
results. As a matter of fact, if we let bothandq vary, then lifetime) is 20.9 ns at 293 K. However, please note here that
the best fit occurs at~ 3.2 A andq ~ 0.9. Clearly,q andr the simulation is in fact insensitive to the magnl_tudemf
(andry) are interdependent. Therefore, under this model, we P€cause we are not at the regime wheye> Tuy, i.e., the
found that fixingr’ at 3.06 A is not necessary and does not NMRD profile is not zy-limited.1141719 As a result of this
generate better simulations. Because our simulation algorithm INSensitivity tozw, we got nearly equally good fit with ay of
always searches for the best-fit solution, if a larger or smaller -34S This value is comparable7to the water-oxygen residence
contribution from any of the processes would result in a better lifetime ex resul;s f.ound.from aA’0 NMR study by Micskei
simulation, the simulation would have found it. Examples of anldg co-workers: M|c§ke| ?t al. foundrex to be 240 ns at 298
the robustness of our approach are seen in the simulation of - A_S s_tated by Micskei et al. and others, represents .the
GdTTHA, where a rather large outer-sphere contribution gives lower limit for the exchange rate for water protonthat IS,
the best fit, and in the simulation of GAEOB-DTPA, where a ™™ M&y not be equa:)l (e ("e:’t"" < Te. Furthermorery is .
large inner-sphere contribution generates the best result; in either’®"Y s'ensmve to pH? Micskei and co-workers per.formed their
case, the second-sphere process contributes relatively smallefXPeriments at p_H= _5'3 whereas our experiments were
fractions to the overall relaxivity. Therefore, we conclude that perfc_)rmed at physiologic pH. Therefore, itis Important to keep
simulations in whichr is allowed to vary do not lead to an in mind that the va}lues found here and by other .StUd'eS may In
underestimation or overestimation of the inner-sphere contribu- fact all be compatible and reaso_nablc_e and are dlffe_rent aspects
tion or any of the other relaxation processes in this work. of the same puzzle solved with different techniques from

. ; S i ) different viewpoints (i.e., from the proton’s point of view rather
It |s_unI|ker thatr (likewiser anqla) ha_s a f|xe_d geometric  {han from the oxygen’s point of view).
value in sqlutlon. From _the relaxation point c_)f view, the water- Figure 12 shows the NMRD profile for GHEOB-DTPA and
protons will experience inner-sphere relaxation not only at one ji5 qeconvolution into second-sphere, outer-sphere, and inner-

fixed distance, but also at different distances as they approaChsphere contributions. We employed the same strategy as before

the gadolinium. Therefore, the inner sphere is not defined by 5. yOEOB-DTPA: that of fixing the effective distance of
just one distance, but rather a continuum of distances inside ;|psest approach for the second-sphere water protons at 3.8 A.
the second and outer-spheres. Because of this, it is prObabWAgain,rR was fixed to the value found from EPR for VOEOB-
unreasonable to just plug in geometric distances to reflect the pTpa  The number of second-sphere water ligands decreased
effective relaxation distance for the inner-sphere protons; the 15 ynder two because the hydrophobic EOB moiety restricts
effective distance as seen from relaxation is likely to represent ccess to the coordination sites on the second coordination
an appropriately weighted average overacont_inuum ofdis_,tan_cessphere_ The second-sphere water-proton residence time is
where the water protons may approach the inner coordination gjightly increased relative to the other two gadolinium complexes
sphere. Our simulations report the best-fit average value of this sy, died, an effect that may be attributed again to the aromatic
approach. moiety that may serve to “trap” the ligand once it penetrated
Additionally, in this work we constrained, to be 1, an the hydrophobic barrier. Note that this was not observed for
assumption that may not be true, particularly for a system such VOEOB-DTPA because it has free unchelated carboxylate
as EOB-DTPA that restricts the ligand approach and exchangegroups which are not likely to be affected substantially by the
as well as for systems that may form isomers that do not have EOB moiety. However, for GAEOB-DTPA, because of the
equivalent water exchange sites. Fractiapalay also indicate presence of the hydrophobic moiety, the second-sphere contri-
an equilibrium between = 1 andg = 0 species and has been bution is 60% smaller than that of GADTPA, but still roughly
hypothesized and measured in several other Wik This is 10% of the overall relaxivity.
possible since on average it is unlikely that every agent will  The inner-sphere simulation yielded athat is smaller than
have one water molecule coordinated to it. Additionally, as that for GADTPA. This could be caused by the EOB’s causing
discussed above, the inner-sphere is not just one distance, satrain on the chelating structure, allowing a closer distance of
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TABLE 13: Relative Contributions of the Different Relaxation Processes to the Relaxation Profiles of GADTPA, GATTHA, and
GdEOB-DTPA

GdDTPA (%) GdTTHA (%) GdEOB-DTPA (%)
frequency (MHz) inner second outer infer second outer inner second outer
0.02 33 33 34 N/A 17 83 61 9 30
20 30 35 35 N/A 28 72 71 6 23
50 43 25 32 N/A 24 76 77 5 18

aN/A = not applicable.

approach for the water ligands. This same strain could also sphere contribution and to increase the relaxivity of future MRI
contribute to lengtheningso and could explain the small  contrast agents.
dispersion at high fields. This could also be due to the
“trapping” effect mentioned above for second-sphere water Acknowledgment. NMR relaxometry was performed at the
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