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Abstract

We demonstrate the use of molecular dynamics and molecular mechanics methods to calculate properties and
behavior of metal-chelate complexes that can be used as MRI contrast agents. Static and dynamic properties of
several known agents were calculated and compared with experiment. We calculated the static properties such
as theg-values (number of inner shell waters) and binding distances of chelate atoms to the metal ion for a set of
chelates with known X-ray structure. The dynamic flexibility of the chelate arms was also calculated. These
computations were extended to a series of exploratory chelate structures in order to estimate their potential as
MRI contrast agents. We have also calculated for the first time the NMR relaxivity of an MRI contrast agent
using a long (5 nsec) molecular dynamics simulation. Our predictions are promising enough that the method
should prove useful for evaluating novel candidate compounds before they are synthesized. One novel static
property, the projected area of chelate atoms onto a virtual surface centered on the metal ion (gnomonic projec-
tion), was found to give an effective measure of how well the chelate atoms use the free space around the metal
ion.

Keywords: Diagnostic imaging, contrast reagents, molecular modeling, chelate, molecular flexibility

mation content. Typical agents are comprised of a paramag-
Introduction netic ion (typically M2 or Gd®) bound by a chelate, which

is itself perhaps bound to a protein or other polymer. The
Magnetic resonance imaging (MRI) has become one of thenpaired electron spins on the paramagnetic ion create a lo-
standard diagnostic tools used by physicians. However, theal magnetic field that couples to the nuclear spin on nearby
time-consuming nature of this procedure and the related exvater protons, which greatly increases their relaxation rate.
pense make it important to extract the maximum amount oMRI scans are typically run near saturation, so quicker re-
useful information from each scan. Paramagnetic imagindaxation enables more power to be absorbed in the regions of
agents[llre heavily used today to enhance the contrast ithe body containing significant concentrations of the agent,
MRI scans in specific ways and hence to increase their infowhich in turn increases the image contrast.

* To whom correspondence should be addressed
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Successful new MRI contrast agents need to meet at leatsince. An dective chelate structure should be capable of
two design criteria: (1) They have to provide significant con-maximizing the attraction between the positive ion and nega-
trast enhancement, which translates into a requirement théitve chelating groups while minimizing the repulsive inter-
T, for solutions of the compound be large. (2) They have taactions between different chelating groups. For instance, a
be stable with respect to dissociation of the ion-chelate comehelate with a rigid backbone could leave gaps in the cover-
plex. This is due to the high toxicity that is typical of both age of the surface of the metal ion, decreasing the potential
the free ion and the free chelate. These chelators must bisinding energy while simultaneously forcing negatively
strongly to the Gd ion even in the presence of other free catcharged groups to be relatively close together. We demon-
ons that are normally present in the body. The paramagnetitrate a method to evaluate the effectiveness of a number of
properties of these agents have been the subject of sevemmmon chelating agents whose 3-dimensional structures are
recent reviews.[1-5] known from X-ray data, and show that commonly used MRI

In this paper, we demonstrate the use of molecular mecompounds make maximal use of the available surface area
chanics and dynamics methods to evaluate chelate structuoé the ion.
and function. One factor that is important for the stability of  Several other groups have used molecular mechanics
a compound is the dynamic behavior of the chelate armsnethods to study metal ion chelate complexes. Hancock and
What appears from a static structure to be a good binder mayp-workers[8-10have reported extensive molecular mechan-
in fact be dynamically very mobile. To this end, we giveics calculations of ion-chelate systems, concentrating on the
results of several molecular dynamics simulations of chelatesoncept of steric strain. The strain energy is the sum of all
in water. These simulations were performed on both knowrbond length, bond angle, torsional distortions, and van der
compounds and on several proposed compounds with differ-
ent binding characteristics. We concentrate on carboxyl
groups that can bind in either the bidentate or monodentate
conformation to the paramagnetic ion, and examine the struc-ooc_\ /_\ —CoO
tural effect of having two binding oxygen atoms that are equi- EDTA
distant from the ion, vs. a lone binding oxygen atom. An  _ J \_CoO
important result is that monodentate carboxyl groups are held
more rigidly than are the corresponding bidentate ligands.

Next, we describe a procedure for calculating relaxivities
for typical paramagnetic imaging agents and show that rea-,
sonably accurate predictions are possible. Relaxivitids)(1 C_\ / \N/ \ e
are a function of the time-dependent positions of water pro- OOC_/ ¥coo
tons relative to the paramagnetic ion.[6] The procedure in- k
volves computing long (5 nsec) trajectories of the chelate-
metal compound in a water bath and then calculating certain
well known correlation functions of the proton-ion vectors.

From approximate analytic models,[6,7] it is known that Q
important factors determiningT, include the rotational cor- N
relation time of the complex, the rate at which waters ex- N N PDTA
change between the inner and outer solvation spheres, and ( w ( w

DTPA

COO

the number of waters in the inner shell of the ion. This makes
it important to accurately model the dynamical interactions COO COO COO COO
of the metal ion, the chelate, and nearby waters. We include
electronic effects with an approximate analytic model.

Finally, we look at the static geometric properties of sev-
eral chelates based on the recognition that there is a limit to 00C
the number of chelate groups that can be employed to bind a \
metal ion. The number of binding sites plus the number of DOTA
water molecules in the inner solvation sphere of the ion, de-
noted byq,, equals the fixed coordination number of the
ion, which is between 6 and 10, depending on the ion. For a \ / \
given value ofy_, and hence a fixed number of coordinating oo
chelate groups, the binding strength is at least partially de-
termined by how the molecule uses the space around the meRifjure 1. Chelate structures of MRI contrast agents analyzed
ion. The arms connecting the chelating groups need to b@ the molecular dynamics simulations. The first panel shows
flexible enough to allow all of the groups to be optimally existing compounds. The second panel (following page) shows
placed around the ion at the proper ion-to-chelate atom digproposed derivatives of PDTA also examined here.

COO'
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Waals interactions in the molecule. Complexes with hightions between molecular mechanics interaction energies and
strain energy are less likely to form than those with less straiexperimental binding constants. They also investigated the
energy. Fossheim, et al.[11,12] performed extensive moleculatynamics of complexation, i.e. the process whereby the ligand
mechanics and dynamics simulations on lanthanide ioneaptures an ion in solution. Kumar and Tweedle[13] report
chelate complexes. Their aim was to study the structure anglmilar calculations on a series of cyclic polyamino com-
energetics of free ligands and the corresponding ligand ioplexes. They find a good correlation between ligand strain
complexes, including the important effects of solvation.energy and the energy of reorganization from the proposed
Among other interesting findings, they report strong correlafinal intermediate (one carboxyl group protonated) to the fully
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formed, deprotonated ligand-ion complex. Frey and co-work-Table 1. Experimental properties of several Gd chelates
ers[14] compare the results of molecular mechanics calcula-

tions with luminescence spectroscopic measurements Qf:ompound log K [a] q [b] 1/T_ (20 Mhz) [c]
Eu(lll)-ligand complexes. They use molecular mechanics !

calculations to both determine low energy conformations and .., NA 9 16.1
to help interpret the spectroscopic results. In particular, the d(EDTAY 17.4 3 76
get good agreement for the number of inner shell Water%‘;d(DTPA)?- 225 1 4.8
Another interesting result is that the excitation Wavelengti‘bd(DOTA) 247 1 47

18.6 2 6.3

for the Eu ion correlates well with the sum of partial atomic d(PDTA)

charges of the chelating atoms. Hay,[15,16] Rappe, et aI.[17?

and Badertscher, et al.[18] have developed special purpose

molecular mechanics force fields specifically tailored for use[a] Log K is the thermodynamic stability constant for

with metal-chelate complexes. Hay has published a review Gd(Chelate) « Gd + Chelate.[1]

of work in this area.[16] With the exception of the work by [b] g is the number of inner shell waters.

Fossheim, et al.,[11,12] all of these papers concentrate o] Relaxivity at 20 MHz and 25 C.[1]

static properties of the metal-chelate complexes, while we

concentrate on the dynamic properties of these complexes.

The calculations we report are also quite different from thos¢eractions. As we will show, several of the exploratory com-

in the Fossheim papers. pounds assume a bidentate conformation relative to the metal
For the studies in this paper, we have selected a group @n, and their carboxyl groups exhibit great mobility.

chelating agents that contain different numbers of carboxyl

and amine binding groups. This group includes two com-A. Molecular Mechanics Details

pounds for which much experimental data are avail-

able:[5,12,19,20] EDTA1] (ethylene-diamine-tetraacetic Molecular dynamics calculations were conducted on EDTA

acid), and DTPA?2] (diethylene-triamine-pentaacetic acid). [1], DTPA[2], DOTA[3], and PDTA4] plus its derivatives.

In addition, calculations were also conducted for DQ3JA  Each molecule was solvated using the SPC/E water model of

(cyclododecane-tetraacetic acid)[21] and a new compound3erendsen.[29] For most molecules, a 12 A water sphere was

PDTA[4] (pyridine-diamine-tetraacetic acid)[22] and its de- used for solvation and the proper water density was main-

rivatives. The structures of the chelates used for this studiained by employing a 13.5 A repulsive spherical shell hav-

are shown in Figure 1. ing a harmonic force constant of 100. The SETTLE algo-
X-ray structure data, stability constants and MRIrithm[30] was used to constrain the waters in their equilib-

relaxivities are available for DTPA, EDTA, DOTA, and rium conformation. A variety of cutoff schemes were tried,

PDTA.[21-27] DTPA has five carboxyl groups and three but most failed to adequately treat the high electrostatic forces

amine nitrogens while EDTA and PDTA both have four arising from the G&. The method developed by Levitt was

carboxyl groups and two amine nitrogens. DOTA is a cyclicselected for use in these computations.[31-33LAn atom-based,

compound with four nitrogens and four carboxyl groups. Thenon-bonded list is used. The original Coulc(r’n_ia) and van

thermodynamic stability constants for DTPA and DOTA der V\aals(ESDW) terms are replaced by the following:

(Gd(chelate), Gd + chelate) are considerably higher than

that of EDTA, as shown in Table 1. [5,26-28] However, EDTA 0 5

has a higheg-value than DTPAand DOTA and hence a higher Eq = Eq % %— Ar/re)+(r/r o) % 1)

MRI relaxivity, 1/T, (see &ble 1). Thus EDTA would be

more effective as an MRI contrast agent if it were not for the

toxic effects arising from its lower stability constant and the@"

resulting release of free Gd ions in the body. EVDW(r) - EQ/DW(r)_ E(\)/DV\(r ()_

~(OEJpw /0r)(re) X -1 o)

)
Dynamic Behavior of Chelates

: . : . . for r <Tr_. Both terms are set to zero for=> r_, where the
In this section, we describe molecular dynamics calculations ¢ ¢

) . . Value of '/ used is 7.5 A. Atom pairs are included in the
performed on a series of chelates to characterize their OI)ﬁon-bonded list if they are closer than 9.0 A. The non-bonded

namic behayior of th? binding groups. !n particular, we ©Xlist was updated every 10 time steps or 0.01 ps. Berendsen'’s
amine the d|ﬁer¢nce in dynamic behavior between Chelatetsemperature rescaling method[29] was used with a time con-
with mono and bidentate carboxyl groups. We calculate mean i

. . i stant of 0.1 psec. All runs were performed at 300 K using
distances from the Gd ion to chelating atoms, as well as th

standard deviation of this distance. The standard deviatiogssigﬂgr’][?;ﬁ}ealvlggngglepgfr%;%;nrglliﬁu;r ddgm(;%%?r\j‘vrg
provide a measure of the vibrational flexibility of these in- ’
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use the CHARMmM force field[36] with QUANAN3.3 [37]

parameters for the chelates. 6.0 —
Chelate charges were determined from SCF calculations i
on chelate fragments. Charges for the solvated species were 50 L ]

then calculated by using a boundary element method to match
the SCF wavefunction to a continuum solvent.[38] The cal-
culations were performed using a modified version of
Gaussian 92.[39] Geometry optimizations of chelate frag-
ments binding to the Ca ion were first performed using the 6-
31g* basis set. A self-consistent solvation energy calculation
was then performed to determine solvation energies and
chages. The 6-31g** basis set was used for these calcula-

Integrated RDF
w
o
T

20

tions. Charges were averaged to equal -0.65 for carboxylate 10 [ .
oxygens, to +0.45 for carboxylate carbons, to -0.50 for back- :

bone nitrogens, and to -0.40 for ring nitrogens. The same 00 Lo e
charge and atom type were used for both of the two 20 30 35 40 45 50
carboxylate oxygens, regardless of their conformation rela- r (Gd-O)

tive to the metal ion. Small adjustments in charges, 0.05 or

less, were sometimes made to carbons and hydrogens to as-

sure charge neutrality for the metal-chelate complex. (All S . .

input files used for these computations, which include chargeE,'gure 2. Integratgd radial distribution function fqr water is

atom types, and force field parameters, can be obtained froR{otted as a function of the Gd - water oxygen distance. The

the authors upon request.) inner shell of Gd in Gd-EDTA is shown with three waters
We attempted to adjust the van der Waals parameters féfl = 3.0).

the ligand and metal atoms in order to have all ligand-metal

distances assume their crystal values. However, these dis-

tances also depend on the bond angles and distances within

the chelate as it wraps around the metal, and without changs Regults

ing these parameters significantly the metal-ligand distance

requirements could not be satisfied. In the end we left alkom molecular dynamics runs, it is possible to obtain infor-
force field parameters at their default values, except for the,4tion on the structure of the chelate as well as the distance

Gd van der Waals parameters, which were adjusted 0 giVarween specific binding atoms in the chelate and the Gd
the proper Gd-O distances. The final values are 2.0 « for thg . The MD runs were of 100 psec duration. Inter-atomic

van der Waals radius and 0.026 kcal/mol for the well depthyisiances were collected every 0.1 psec. For the reference

Using these parameters, energy minimization of the Chelat@ompounds EDTAL] and DTPA[2], as well as DOTA3]
molecules resulted in Gd-O distances that were very close tg 4 pDTA[74] the carboxylate éroups were all in ,the

those found in the crystal structures of EDTA and ,nqdentate conformation, with one carboxyl oxygen close
DTPA.[21,23-25] The Gd-N distances are too small. Aftéry, ihe Gd jon and the other displaced away from it. In EDTA,
equilibration (discussed in the next paragraph) we recordefl,q near oxygen is at an average distance of 2.41 A while the
the Gd-O and Gd-N distances from these chelates and coryy, oxygen is at 4.32 A. From an average of the X-ray data
pared them vyith the corresponding crystal structure valuegy,q corresponding distances are 2.40 A and 4.48 A respec-
The Gd-O distances for the model and the crystal argy ey 101 23 24] For DTPA, the average distance values for
(2.40,2.42), (2.40,2.38), and (2.30,2.37) for EDTA, DTPA, the near oxygen is 2.37 A, which is almost identical to the

and DOTA respectively. The corresponding Gd-N distance§<_ray distance of 2.38 A. For DOTA, the near oxygen is 2.37
are (2.45,2.65), (2.61,2.70), and (2.62,2.68). We should notg o MD simulations and from X-ray data. The average
that other authors achieved better Gd-N distances for thesgciance of binding nitrogens from the metal ion in EDTA is
and similar chelates using different force field 5 41 & vs. 2.65 in the crystal. For DTPA, the corresponding
parameterizations.[11,12,14] , _ _ distances are 2.58 and 2.70. For DOTA, the average MD and
The self-diffusion coefficient for water in the simulations crystal distances are 2.59 and 2.68 A. Although the calcu-
had a value of 2.2xT0cnt/sec which compares well with |04 Gd-N distances are too short, we do not believe that a
the quoted experimental value of 2.4%X¥/sec.[29] Prior  payer parameterized model would significantly alter any of
to the data-gathering runs, the ensembles were equilibrateq,, qualitative conclusions.
by annealing to 300 K over an interval of 12 ps with a tem-  p,ring the course of an MD run, the radial distribution
perature window of 40 K. Using CCEMD, molecular dynam- ¢,ction of water molecules around the metal ion was moni-

ics runs were conducted for a period of 100 ps 10 assure agsreq. For bare Gd in water, the calculated average Gg.- O
equate statistics for the Gd-ligand non-bonded distances. yisiance equals 2.44 A. The integrated radial distribution func-
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Table 2.Dynamics data on known and proposed MRI contrast

agents.

Compound Carboxyl [a] Amide [b] q]c] q,,[d] <d_> [e] <o.> [f] <d>[g] <o,> [h]

EDTA 4-mono 2/2 3.0 9.0 2.4114.32 0.06/0.10 2.41 0.05

DTPA 5-mono 3/3 1.0 9.0 2.3714.34 0.06 / 0.10 2.58 0.09

PDTA 4-mono 3/3 2.0 9.0 2.38/4.29 0.05/0.11 2.56 0.09

DOTA 4-mono 4/4 1.0 9.0 2.3714.32 0.06 / 0.11 2.59 0.09

P3A 1-mono 1/5 2.9 8.9 239/4.4 0.06/0.11 2.62 0.14
2-bi 244127 0.08 / 0.59

P6A 4-mono 0/3 3.0 9.0 2.4214.0 0.08/0.22 4.1-5.3 0.16
1-bi 245/ 2.49 0.07 / 0.08

2P3A 3-mono 5/5 0.9 9.0 237143 0.04 /0.22 2.50 0.07

2P4A 4-mono 5/5 0.0 9.0 2.39/43 0.06 / 0.10 2.55 0.09

3P4A 4-mono 5/5 0.2 9.2 2.39/4.3 0.07/0.11 2.58 0.10

[a] Number of mono and bi-dentate carboxyl groups bindingThese molecules have structures that are similar to the PDTA
to the Gd. molecule, but have varying numbers of nitrogens and carboxyl
[b] Number of nitrogens binding to the Gd / total number of groups attached to the pyridine ring(s) (Figure 1). When the
nitrogens. number of binding carboxyl and amide groups drops below
[c] Dynamical value of q. This is the time-averaged numbersix (the number for EDTA), sufficient space becomes avail-
of waters in the inner shell. able around the metal ion for one or more of the carboxyl
[d] Total dynamically calculated coordination number of the groups to assume a bidentate configuration, in which the two
Gd. oxygen atoms are approximately equi-distant from the Gd
[e] Average distance of the carboxyl oxygens from the Gdon. As shown in Table 2, the bidentate conformation is ob-
(near/far). served in the calculated results for f3Aand P6A6]. (In
[f] Dynamics variation of d, | (near/far). our nomenclature, the number preceding the "P" indicates
[g] Average distance of the nitrogens from the Gd. the number of pyridine rings in the molecule, is omitted when
[h] Dynamics variation of g, . that number is 1, and the number preceding the "A" indi-
cates the number of acetic acid groups in the molecule.) In
the structures where both monodentate and bidentate confor-
tion for water molecules surrounding Gd-EDTA is shown in mations occur, the Gd-O distance is calculated to be larger
Figure 2. From the plateau of the curve, it is observed thafor the bidentate carboxyls, 2.44 A vs. 2.39 A in F3A
there are three water molecules in the first shell that are dand 2.45 A vs. 2.42 A in P6|8]. This trend is in agreement
rectly coordinated to Géland hence=3 (hereg denotes the  with X-ray data (discussed in Section 1V) that show a dis-
number of first shell waters only) for EDTA. For DTPA, the tance of 2.46 A for a structure having bidentate carboxyl
correspondingy-value obtained from MD runs is=1. The  oxygens and 2.38 A for the average monodentate oxygen-
MD results are summarized in Table 2. As expected, EDTAmetal distance (for EDTA, DTPA, and DOTA). The resulting
with four binding carboxyl oxygens and two nitrogens has asmall increase in the Gd-O distance could decrease the elec-
g of 3.0, while DTPA, with five binding oxygens and three trostatic component of the interaction energy. Due to ion-
nitrogens has @ of 1.0.[19] Non-integer values are some- induced polarization effects between the carboxyl
times obtained when waters exchange in and out of the innerxygens,[38] the electrostatic binding strength of the two
sphere and spend a small portion of the observed time in thexygens in a bidentate conformation to Gd is predicted to be
bulk solvent. Results for the other molecules are also giveweaker than that from two monodentate oxygens that are parts
in Table 2. PDTA, with four binding carboxyl oxygens and of two separate carboxyl groups. Thus the monodentate con-
three nitrogens, hasyjaf 2.0, while DOTA with four oxygens formation should be stronger in terms of binding per carboxyl
and four nitrogens has @ of 1.0. MD simulations for the oxygen, even in the absence of increased Gd-O distance for
reference molecules all show Gd with a coordination of ninghe bidentate conformation.
and binding distances that are in good agreement with X-ray The MD results for the average Gd-O and Gd-N distance
data. Note that the most effective MRI contrast agents, DTPAnd the accompanying dynamic variation valagsgive an
and DOTA, both have a-value of | and have all of their indication of the extent of motion of the chelate atom rela-
carboxylate groups in the monodentate conformation. tive to the ion, as shown in Table 2. A large valus ah-
We ran simulations of several analogues of PIMJA  plies large flexibility, and conversely, a sn@limplies little
some of which were anticipated to show bidentate behavioflexibility. When the carboxyl group is in the monodentate
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conformation, the binding Gd-O distance varies between 2.3they feel a time-varying magnetic field that helps couple the
and 2.42 A with ao_ of about 0.06 A. The far oxygen dis- proton magnetization to the thermal bath. The most impor-
tance is about 4.3 A and it is significantly larger (0.11 - tant coupling mechanisms between the proton spin and the
0.22) showing that the outer carboxyl moves more freely thaparamagnetic electron spin are dipole-dipole and contact
the inner one. In the monodentate conformation, the carboxyoupling. The contact term arises when the proton penetrates
group essentially pivots about the near oxygen. In thehe outer electron shell of the ion. In this paper, we only treat
bidentate conformation, the size of thigvalue depends on S state ions such as Gand Mnt? for which the contact
whether the two oxygen atoms are equidistant from the metaérm can be neglected. The relaxation rate for dipole-dipole
ion or if one is closer than the other (PE# vs. P3A[5]). coupling, 17, equals
When the bidentate conformation is imperfect, as in P3A,
the oxygen slightly further from the metal ion will have a
largero, value and is hence more flexible. This gives an in-1/ Ty = yiyédn?g S”)(ﬁ ) —wg)+
dication of the fluidity of motion found with bidentate 3 1) 3@ A3)
oxygens. +2 37 (W) +7 37 (w) +ws))

Of the exploratory molecules examined, all five struc-
tures were able to achieve a total coordination number of 9. i o ) ]
For the molecules containing multiple pyridine rings (2P3AWherel=1/2 is the proton spir§is the electronic spin of the
[7], 2P4A [8], and 3P4A[9]), all of their carboxyl groups Paramagnetic iony, andy; are the gyromagnetic ratias
take on a monodentate conformation. These molecules haf@ds are the Larmour frequencies for the proton and elec-
more binding nitrogens than carboxylate groups, with 5 bindron Spins, respectively. The spectral densitfs)” andJ?
ing nitrogens and 3 to 4 monodentate oxygens. This differ&’® Fourier transforms of certain time correlation functions:
from the reference chelates that have either more binding
carboxyl oxygens than binding nitrogens (EDTA, DTPA, J“)(w) _ dt e@t gt )
PDTA) or an equal number (DOTA). DTPA, for instance, has _J.—oo 9
three nitrogens and five monodentate oxygens. Of the ex-
ploratory structures, 2P3[X] has ag-value close to one, a The time correlation functions are:
characteristic of both DTPA and DOTA, while 2P} and
3P4A[9] have ag-value close to zero. =1 is essential for
sufficient contrast enhancement of MRI images, 2IP3A 0 /70 0 \
should be a good candidate. Its usefulness as a potential MR )= \f (t) £/ (t+ to)/ ®)
contrast agent would then depend on whether nitrogens are

as effective as carboxyl oxygens in binding to the (_';d' TWQy here the brackets indicate an ensemble average over all water
exploratory molecules, P3f5] and P6A[6], contained protons and the bar an average over time oridijnsThe
carboxyl groups in the bidentate conformation ampod 3. functionsf are given by:

When the chelate binding atoms are taken into considera-

tion, ag, of 9 is attained. These simulations have thus shown

that a Gd coordination number of 9 is obtained, both for thef O)(t) :(1_ 3co2 9)/ r3
reference compounds and the exploratory structures.

4

Predicting Relaxivity fO(t)=sin® cosH €™ /r? (6)

The relaxivity of a paramagnetic ion complex arises from .

the interactions between rotational and spin degrees of freef ?(t) =sin’Q €>* /r?

dom. In this section, we describe a model of relaxivity that

combines a first principles description of the rotational con-

tribution to the relaxation which can be described classicallywhose angular parts are simply unnormalized spherical har-

coupled with a phenomenological description of the purelynonics,Y,,(6,9) . The paramagnetic ion is placed at the

quantum mechanical electron spin resonance contribution.origin of the laboratory coordinate system; the coordi-
nates(r,e,q)) give the position of a particular proton rela-

A. Theory tive to the ion. The angular afytr® factorsarise from the
radial part of the dipole-dipole Hamiltonian. Already we can

The theory of relaxation of protons in the presence of a par&€e that the rate of relaxation will be a sensitive function of

magnetic ion is well understood and is treated in depth in &he dynamics of water protons moving in the vicinity of the

number of texts.[6,7,40] The basic mechanism for relaxationon because of terms of the order]¢fr(t)6 .

is that as protons move in the vicinity of a paramagnetic ion,
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Approximate analytic models of the relaxivity can be This factor is denoted by/q, whereq, is 9 in the case of
derived starting from the assumption that each of the corresd?. Scaling by this factor is not entirely accurate because
lation functionsg(')will decay exponentially: outer shell waters also account for a small but significant
amount of relaxivityFor ag=1 compound, such as DTPA,
the outer shell relaxivity accounts for about half of the total.

So far, we have only treated the relaxation of the proton
spins and have neglected the simultaneous electron spin re-
laxation (e.s.r.) of the paramagnetic ion. A first principles
One can then perform the Fourier transforms to arrive afreatment of this e.s.r process is difficult, although it has been

gV () =g exp[-t/1"] 7)

the expression carried out for several special cases using a variety of ap-
proximations for the perturbations due to the motion of nearby
E 980) 7@ nuclear spins.[6,7,40-43] Here we include the effect in an
T, = y,2 ys2 1?2 qSt) 12 >t approximate way using the Solomon-Bloembergen-Morgen
H 1+(w, -wg)?1© (SBM) theory.[44,45] Our starting point is Eq. 7 where SBM

theory prescribes that the correlation tjrfié consists of three

0
+% 5 +% 0
1+, *1 1+(0 +wg)?1@°H 14 1.1 1

. — + — =
10 70T T T () (12)

This can be further simplified by recognizing that the elec- _

tron Larmour frequencyp, is give byw=(y/y)xw, where  wheret (F;) is a rotational correlation timg, is the mean

(vdy) is 658. Therefore in Eq. 8,0f+tw)*=w? Using this lifetime of water protons in the inner shell of the paramag-

relationship together with the approximatiorf&=t®=1?=t , netic ion, and’é') is the e.s.r correlation time. In SBM theory,

andwT.<<1, we arrive at: the first two correlation times account in a phenomenological
manner for the detailed dynamics we directly calculate. The
relaxation behavior associated with those terms is built into

VT =y?ydr? S0 our numerically calculated correlation functiog$) (t). The
) @ /0 ) /0 O additional additive term in Eq. (12) can be approximately
0[2+390 g DT—02+ %%{gcﬂ 9 included intcg(') (t) by multiplying by an exponential term.
Hl+wg TZC g g H The correlation function including the e.s.r component is

given by[40]

For the special case of a bare ion in water, assuming that ;

) — ) (]
on average protons are uniformly distributed about the ion9 ®) =g"(t) exp[-t/ T, ()] (13)
we can calculate the ratigéo): g(()l):ggz) that are 6:1:4. _
These arise from calculating the integrals The function§®’ (t) are then substituted into Eq. 4 to

calculate the complete spectral densities. An important prop-
(i) e . . .
erty of T is its frequency dependence which is given by

TU . 2

r* [, de sing |t (r,0,)| (10)
| | . 1 _1H4 1 4 §
This leads to the final approximation: Téi) 5 T, M+ szf l+4002T5 0 (14)
1T =yfy&ng(s+) @EZ—TC R ppy eri=tand
Cc
EQ 1+ ()JSZT% 2 B ( )

whereg, is a constant. So for the bare paramagnetic ion in 1 1 2.5 1

&y

water, we expect to see a plateau at low frequency whichr() ~ . - + 22t 2.2 (15)
drops off to a second plateau@t= 1/, . The ratio of the hre STl For, 1+dwr O

heights of the two plateaus should be 10/3. A further ap-

proximation can be included to model the relaxivity due tofor i=0 and 2. The parametdrs, andt, can be determined
chelated ions by adding, to Egs. 9 or 11, a factor which is thexperimentally by fitting relaxivities to the full SBM equa-
fraction of coordination sites open to waters. This account§ons.[46] Here, we make the approximation that these pa-
for the reduced access of protons to the inner solvation sphefameters will change little from one chelate to the next and
of the ion, where a large portion of the relaxation occursuse values determined for aqueous®@d a universal set. In
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point of fact, the addition of this electronic effect makes mi-second run was performed in which 3 waters were constrained
nor changes in the predicted relaxivities for small, freely roto remain in the inner shell, by adding a weak restraining
tating chelates. The values usedgg=132 psec ant,=16  bond between the water oxygens and the Gd ion of length
psec.[46]These values were determined for 25 C. Correcting2.4 A. The subsequent results were obtained from the con-
the values of the parameters for the presence of the chelag&ained run. .
will change our numerically determined relaxivities slightly,  In Figure 3 we show the correlation functig% (t) for
but will not affect any of our qualitative conclusions. i=0, 1 and 2. In each case, there is an initial short time decay
Before giving the numerical results, we will summarize followed by a long time tail. The calculated correlation times,
the computational procedure. A long (5 nsec) molecular dyg(') (t). are each approximately 25 psec. This value is found
namics run is performed. From the saved coordinates, thiey fitting the initial decay to an exponential. A direct com-
values off ) (t) (Eq. 6) are calculated and used in Eq. 5 toparison with experiment is difficult because the experimen-
give the raw correlation functiorg(') (t). The spectral den- tal correlation times, which are derived from a multi-param-
sities, J(')(oo), are computed (Eq. 4) using the modified eter fit to the dispersion data, include the electronic contri-
correlation functionsg ® (t), (Eq. 13). Finally, the values bution whereas ours do not, i.e. the calculation measures the
of the relaxivities are calculated from Eq. 3. For our calculadnitial decay og(') (t) (Eq. 5) and not @(')(t) (Eq. 13).
tions, none of the approximations discussed in Egs. 7-11 afdote that inclusion of the electronic component would de-

used. crease our computed correlation times. At t=0, the ra-
tio géo) : gél) :gf)z) is 5.8:1:4.1 which is close to the ratio 6:1:4
B. Results given by the infinite time average for a freely rotating com-

plex (See Eq. 9).
In this section, we present relaxivity results for Gd-EDTA  Figure 4 shows the T/dispersion curve along with the
and compare these with experimental data. The moleculaxperimental values.[3] Before calculating the Fourier trans-
dynamics parameters are the same as described in the prefarms in Eq. 4, the correlation times were multiplied by a
ous section except that a periodic box of 20 A on a side wasinction that went smoothly to zero &t1.5 nsec. The ex-
used that contained 28@ter moleculesThe simulation was perimental relaxivity values are indicated by crosses. The
run for 5 nsec, with the trajectory being saved every 0.1 psecalculated total dispersion is given by the solid line while
The calculations reported here took about 600 hrs on an S@he calculated inner sphere dispersion is shown by a dot-
R8000 Power Challenge. During an initial run, one of thedashed line. Inner shell contributions are calculated by in-
three inner shell waters was found to move in and out of theluding only contributions from the three bound waters. At
inner shell, with a mean lifetime of about 500 psec. Thisthe low frequency end, the ratio of computed values to ex-
produced an effectivg value of 2.5 and yielded a relaxivity
that was too small by a factor of about 2.5/3. Consequently, a

20.0
1.5e-05
150 T
1.0e-05 D
s | s 10.0
< 50e06 [\ £ I
= I [y
< = —— calculated
0.0e+00 | 5.0 + experiment ~
I —-— calculated (inner)
50806 | 00
0.0 1000 2000 3000 4000 10* 10° 10° 10’ 10°
t (psec) Freq (Hz)

Figure 3. Time correlation functionsg(i) t) for i=0 (solid Figure 4. Comparison between experimental and calculated
curve),i=1 (dash-dot cuve) andi=2"(dashed curve). The values of1/T,. Experimental data points are indicated by
ratios att=0 are 5.8:1.0:4.1. The correlation functions were crosses.[3] The calculated values are given by the solid line.
smoothly damped to zero &t1.5 nsec before calculating The calculated inner-shell relaxivity is given by the dot-
the spectra. dashed line.
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perimental values is 0.99. At the high frequency end (20 MHzhsed in the calculations. The calculated low frequency pla-
the ratio (calculated/experiment) is 0.75. For the computedeau almost exactly reproduces the experimental data, which
results, the ratio of the height of the low frequency plateau tindicates that the long time average structure of the complex
that at high frequency is 10/3.5, in contrast to the ratio of 10is correctly modeled. The high frequency plateau yields in-
3 predicted from Eq. 11. The experimental ratio is 10/4.8formation concerning fluctuations about the average struc-
Recall that Eq. 11 is derived for the case of a bare ion iture, which we have modeled somewhat less accurately. The
water. Nonetheless, our predicted high frequency plateau isalculated value is somewhat lower than the experimental
low, which indicates that the contribution frgﬁ)(t) istoo  result at 20 MHz. A variety of approximations have been
small relative to the other components. The 3 inner shell conmade in these calculations that could influence the numeri-
tributions account for about 80% of the relaxivity at both cal accuracy of the final results. These include using the ex-
low and high frequencies. Therefore, the entire outer sheperimental values for the electronic relaxation parameters of
contribution is=0.75 of that from one inner shell water, for a bare Gd ion. The force field used will obviously affect the
EDTA. rotational correlation times. This will likely be sensitive to
Another theoretical prediction is that the correlation func-the water model used (charges, internal flexibility, etc.). Small
tions arising from inner and outer sphere process should belifferences in the Gd-O distance can have large effects on
have differently.[7] In particular, the inner sphere correla-the relaxivity values, e.g. an 0.05 A shift will change the
tion functions should decay as a single exponential while thealues by >10%. Finally, the long time tails of the correla-
outer sphere contributions should die off as a sum otion functions are not fully converged, i.e. we still see some
exponentials with increasing correlation times arising fromoscillatory behavior even with 5 nsec of statistics. We per-
increasingly distant waters. However, as the distances anfdrmed some approximate calculations using a random walker
correlation times increase, these terms will contribute lessn a sphere that indicate that full convergence may need on
due to thel / r3factor in Eqg. 6. Our numerical results for the the order ofLOO0X T _, or about 25 nsec. Future work will
inner and outer shell contrlbutlonsg@)(t) are shown in  aim to understand the importance of each of these postulated
Figure 5. The results for the other two componentg @fe  sources of error and thereby to increase the quantitative ac-
identical. The outer shell contribution dies off very quickly curacy of the calculations.
with a correlation time of about 22 psec. There is no long
time tail as for the inner shell contribution. Physically, this
makes sense because the outer shell waters are randomiZ&gtic Structures - Gnomonic Projections
quickly. In the bulk, for instance, the mean time for a pair of
waters to exchange position is only about 10 psec. In this section, we turn to the description of a static method
In conclusion, the agreement between theory and experfor determining the efficacy with which different chelate bind-
ment is quite good given that no adjustable parameters weiirg groups use the space around a metal ioré, @Gsed as
the model paramagnetic ion in this work, has a nominal co-
ordination number of 9, e.g. 9 water molecules will cluster
around the unchelated ion with their oxygens pointing to-

e wards it. lons of the lanthanide series have coordination num-
o ] bers varying from 8 to 10. Smaller ions of the lanthanide

. g(O)(inner): series, such as Er (ionic radius of 0.97 A) have a typical co-

1.0e-05 — g outer), ordination number of 8, while larger ions, such as Ce and La
] (ionic radii of 1.14 and 1.16 A) have a typical coordination

number of 10.[47,48] In the presence of a chelate such as

5.0e-06 | EDTA, this difference will manifest itself in terms of differ-

ing numbers of first shell water molecules around the lantha-
. ] nide ion, which may vary from 2 to 3. For instance, a coordi-
0.0e+00 R ] nation of 8 is found for Er(EDTA) which has two first shell
1 water molecules. A coordination of 10 is achieved in crystal-
line Ce(EDTA) and La(EDTA) with the replacement of a
00 1000 2000 3000  ac00  Water molecule by a bidentate carboxylate group which can
t (psec) be shared with an adjoining lanthanide ion. The Gd ion with
an ionic radius of 1.00 A is in the group of lanthanide ions
having a coordination number of around 9.
A good chelate will be sufficiently flexible to allow its
chelating groups to wrap around the metal ion and fill a
number of coordination sites in a low energy conformation.
An inflexible chelate on the other hand may be unable to
relax into a low energy conformation. Two manifestations of

at) (A

-5.0e-06

Figure 5.Total correlation function and inner and outer shell
contributions for (O)t Note that the outer shell
contribution dies oftgmuch more quickly than the inner shell”
component. Comparisons for the other two componergs of
show this same behavior.
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Table 3. X-ray data on effective areas and binding distances

of chelates.

Chelate Afract [a] d,/d[b] d,[c] CSD designation
Gd[biacetate] 0.670 2.44 ] 2.49 2.62 VEDSEC
Dy[DTPA-Amide](H,0), 0.644 2.34/4.40 2.66 VOSBOU
Gd[DTPA-Amide](H0), 0.634 2.3714.45 2.70 VETDON
Gd[DOTA](H,0), 0.637 2.36 /1 4.43 2.68 KUKGOM
Gd[EDTA](H,0), 0.629 2.40/ 4.48 2.65 BIFZEV
Gd(H,0), [d] 0.626 2.42 NA

Gd[Pyridine-(CQ, COH)](H,0), 0.630 2.42 1 4.52 2.55 JOZGUA
Gd[CO,-CH,0-CH,-CO,] 0.625 2.41/4.48 NA NAOAGD
(H20),(CF,CO)b 0.571/0.604 2.39 NA SERYOD
Gdb(CECO,) bGd 0.571/0.604 2.39 NA SERYOD
B(CF,CO)(H20), 0.571/0.604 2.39 NA SERYOD

[a] A, is the fractional surface area taken up by the this are that some chelate arms may be forced away from the

ligands, defined in Eq. 2. ion, or chelate arms may be forced to be too close to each
[b] These are Gd distances to the near and far bidentatether. Each of these will decrease the binding energy, even

oxygens in the crystal structure. for a constant value af . Therefore, the effective use of the
[c] These are Gd distances to the backbone nitrogens in thepace surrounding the Gd ion is an important aspect of strong

crystal structure. chelate binding. Hancock[8-1B&s previously discussed the
[d] This is an average of 2 structures relationship between chelate flexibility and packing. Another

way to analyze this issue is to examine the areas occupied by
the chelate oxygen and nitrogen atoms. Here we display and

Rgg =1.00A measure these areas using what are termed gnomonic pro-
Metal "surface" Ry =1.36A jections. This method involves the projection of the cross-
Ro = 1.48 A sectional area of a chelate atom onto the surface of a virtual

unit sphere whose center is located at the center of the metal
ProjectedArea  jon. Wetake the radius to be the sum of the ionic radius for
Gd and O or N (Figure 6). The ionic radii used here [oxygen
(1.36 A), nitrogen (1.48 A), Gd (1.00 A)] were obtained from
the comprehensive work of Marcus.[47,48] The radius of the
virtual sphereRSph, is normalized to the nominal Gd - O
distance:

Ligand Atom
Rpon=1.05x R;y + Ry (16)

Rar=ReaX 1.05+ R whereRr, =1.36A is the radius of an oxygen ligand atom. A

normalization factor of 1.05 was used to make the radius of
Figure 6. Diagram showing the construction of a gnomonic the virtual sphere equal to the average Gd - O distance of
projection in cross section. A large sphere is first constructedp 40 A, obtained from the X-ray structure of EDTA.[13-15]
centered on the Gd ion, and given a radiusThrough the use of gnomonic projections, a fractional sur-
Ryn = 1.05% Rsq + R, - Next, a second sphere is centered Onface area is obtained. We calculate the area of each first shell
each ligand atom. These spheres have the appropriate vagtom when projected onto the surface of the virtual sphere,
der Waals radii for the ligand atoms. For each ligand atom, aand then divide by the total surface area of the sphere. This
cone is drawn with its apex at the center of the metal atonfactor is further normalized by dividing by the fractional area
and with its centerline along the line connecting the centergovered by a hexagonal array of spheres on a plane. There-
of the Gd and ligand atoms. The cone intersects the liganfbre, a value of 1.0 for the fractional projected surface (de-
atom sphere at a plane containing the center of the ligandhoted Ay.;) is the maximum possible. The final result for
atom. The gnomonic projection is then the area of the surfacthe fractional projected surface area is:
of the metal sphere enclosed by the cone.
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0 To better understand the effective area concept, it is in-
A = £‘3 _ D u structive to examine some other compounds with similar or
fract = o 0 D2 + RL2 0 (17) different projected areas (Table 3). Since the fractional pro-
jected area for common chelators is close to 0.63, full bind-
where D is the distance from the metal ion to the ligand atonng for Gd, with 9 coordination atoms, implies an effective
and whereR is the radius of the ligand atom whose overlapsurface area of about 0.07 surface units per atom. Table 3
area is being calculated. Our numerical results take into acshows that the fractional projected areas for Gd-chelates can
count the case where the projections from different ligandange from 0.604 to 0.670. This range is about equivalent to
atoms overlap, to make sure that those areas are not doulttee area occupied by one water molecule. Compound
counted. Note the&\fract decreases with increasing ligand- JOZGUAJ[11] has a fractional projected area that is compa-
metal distanceD. Figure 6 shows the construction of the rable to EDTA. For that compound, the Gd ion is bound to 4
gnomonic projection in cross-section. monodentate oxygens from two molecules with pyridine
From the gnomonic projections, the total projected areaings. These oxygens, combined with 2 ring nitrogens and 3
on the virtual surface is obtained for the chelate oxygens andater molecules, result in a coordination of 9 and a frac-
nitrogens, as well as for the oxygen atoms from first sheltional projected area of 0.630. This structure is similar to
water molecules. The Cambridge Structural Database (CSEDTA, which also contains 4 monodentate carboxylate
was searched for structures containing a paramagnetic iooxygens, 2 nitrogens, and 3 water molecules. For NAOAGD
and molecules containing oxygen and carbon atoms. Thfl2], the Gd ion is surrounded by 6 monodentate oxygens
search resulted in a database containing 870 crystal struand 3 ether oxygens in 3 separate linear chain molecules.
tures. From these structures, those containing Mn, Zn, ofhere are no waters or amide nitrogens in this structure. The
multiple ions were discarded. Gnomonic projections wereether oxygens, however, are located slightly further from the
obtained for each compound in the remaining group of 985d ion than are carboxylate oxygens. The resulting fractional
crystal structures. In Table 3 we give the occupied areas for surface area is 0.625, which is somewhat lower than the value

series of compounds with either Gd or Dy as the ion. for EDTA, reflecting the larger average Gd-O distances.
Gnomonic projections showed DTPA, DOTA and EDTA
to have among the highest valuesfgf,, found. These (H0)s

chelates all have a total of nine binding atoms, including (-

(0] 00O
first shell waters. The gnomonic projection for these three .
structures and a bi-acetate compound (CSD designation _ Gd? _
VEDSECI(10]) are shown in Figure 7. The results are sum- |N N | JOZGUA[11]
marized in Table 3, which shows that the fractional projected AN o O X2
@) on

area, including that from the first shell water oxygens, is be-

tween 0.629 and 0.637 for the first three compounds. Their

effective projected area was exceeded by only one structure

in the database/EDSEC [10], with a value of 0.670. This o o

compound contains two acetate molecules with their carboxyl

groups in a bidentate conformation and a ring structure with Hko— o}\
@] O

6 nitrogens, for a total of ten binding atoms surrounding the

Gd (Figure 7d). As indicated in the diagrg], the carboxyl

groups sit above and below the plane formed by the G+

macrocycle, and the Gd ion sits in the center. Note that th& O 6 0 NAOAGD[12]
large ring is not planar, but is slightly cupped in an asymmet- o e}

ric fashion. It is difficult to attain higher fractional projected o

areas because steric effects become significant as more at- O}\/ \)]\O—

oms are positioned at proper metal-ligand distances for Gd
binding.

From our molecular dynamics simulations, we saw that
the atoms of the first shell around the Gd ion moved in a
correlated fashion. It is significant to note that when a water
\N molecule or a chelating atom begins to move away from the

Gd ion, other atoms and water molecules will move towards
the metal ion so that a constant average distance for all first
shell atoms, relative to the Gd ion, is maintained. Water mol-
VEDSEC[10] ecules venture furthest away from the Gd ion — to a distance
of 3.2 A, relative to their normal X-ray distance of 2.4 A. In
| general, any atomic movement that attempts to change the
coordination number of Gd will be offset by the correlated
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Gd - EDTA
Gd - DTPA

Surface Area 0.629 0.424 Surface Area 0.634 0.564

Metal radius 1.093 Metal radius 1.089

Gd with Bidendate
Acetates

Surface Area 0.670

Metal radius 1.128

Gd - DOTA o
Surface Area 0.638 0.569
Metal radius 1.093

Figure 7. Examples of gnomonic projections for 4 structures:motion of other atoms near the Gd ion. We can predict that

(a) Gd - EDTA chelating atoms or water molecules in other compounds will
(b) Gd - DTPA also adjust their position to maintain a coordination number
(c) Gd - DOTA of 9 for Gd.

(d) Gd - Bi-acetate (VEDSEC). The one X-ray structure, VEDSH(O], that shows a co-

A model of the chelate molecule, with the Gd ion at the centegrdination of 10 about a Gd has no water molecules and two

is shown in the upper right portion of each figure. The lowerbidentate carboxylate groups. VEDSEID] is able to fit 10

half of each figure shows two views of the gnomonic projectiotigand atoms around the metal because a bidentate carboxylate

onto a gray sphere. Intersected areas for the carboxylatgroup takes up less space than the corresponding pair of wa-

oxygen atoms are represented in red, water oxygens in pinker molecules. (See Figure 7d.) Note that the 10th ligand atom

and those for the nitrogen atoms appear in blue. only adds a factor of 0.035 tﬁfract, which is about half that
contributed by typical ligand atoms. The static reasons for
this are that the carboxyl oxygens are allowed to draw close
to one another because of their chemical binding, and that
both oxygens lie slightly further from the metal than do other
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ligand atoms. It is interesting to compare the footprints of A number of MRI chelating agents have been examined
waters in Figs. 7 a-c (pink circles), which tend to stay awaysing molecular dynamics techniques. It is shown that, as
from other circles, with those for the bidentate carboxyl ligandexpected, carboxyl groups typically assume the monodentate
(paired red circles) in Figure 7d. Waters have a large footposition in which one oxygen binds to the Gd iB{Q-Gd)
print because they lie close to the metal, and because of their2.4 A) and exhibits small rms motion. The other oxygen is
high mobility relative to the other chelating groups. Figurefurther away and exhibits greater motion. The near oxygen is
7d clearly shows that the carboxyl circles are smaller thampractically stationary while the far oxygen rotates on a lever
those for the water oxygens, because the carboxyls are fuarms whose pivot is the inner oxygen. We have also seen that
ther from the metal, and that the 2 bidentate carboxyl oxygensotions of the chelating atoms are correlated, meaning that
lie close together. This results agree with the predictions fronas one atom moves away from the metal ion, others will move
our dynamics simulations. closer, so that the average metal-chelate distance remains
A case at the opposite extreme is that of structureonstant. These motions are a low frequency vibrational mode
SERYOD [13]. The molecular structure for SERYOD is of the complexThe accuracy of our MD simulations in pre-
(H20),(CF,C0O,)Gdb(CF,CO,) bGd(CF,CO,)(H20), in dicting g-values and carboxylate binding distances for refer-
which four carboxyl groups bind symmetrically to each of ence chelates has been shown. The use of gnomonic projec-
the two Gd atoms, forming a barrel. Capping each end argons provides a semi-quantitative method of evaluating how
three waters, with their oxygens pointing at the Gd, and oneffectively binding atoms use the space surrounding the para-
more carboxyl group. One of the carboxylate oxygens in thenagnetic ion. As chelate structures, DTPA and DOTA are
terminal CECO, group is shared with a Gd in the next unit shown to use the space around the Gd ion most efficiently,
cell and cannot be positioned at or near the normal bindingvith a fractional occupied area of about 0.64, relative to a
distance of 2.4 A. Instead it is located at 3.4 A from themaximum value found in the CSD of about 0.67. For other
metal ion, so that SERYOD’s coordination may be consid-proposed structures to bind as efficiently as DTPA to the Gd
ered as either 8 or 9. Counting the out-of-position oxygen a®n, they will need to have comparable fractional areas, and
a binding atom, the resulting projected area is 0.604, with ahould at the same time allow sufficient space for at least
coordination of 9. If the out-of-position oxygen is excluded, one water molecule to occupy the inner shell of the Gd ion.
the coordination number becomes 8 and the effective area is Thus we have demonstrated several methods that can be
0.571. As in VEDSEQ10], the asymmetrically placed outer used to evaluate the effectiveness of potential MRI contrast
carboxyl group contributes only about half of the expectedagents. Flexibility in the molecular backbone and carboxylate
fractional projected area of 0.07 for a tightly binding ligandarms is important to make effective use of the free space
atom, principally because it cannot get in close to the Gdaround the Gd ion. This has also been discussed by
These bidentate carboxylate groups increase the projectddancock.[9-11] For efficient binding to the Gd ion, with its
area but bind in an asymmetric, possibly metastable conforeoordination number of 9, the sum of binding carboxyl and
mation. This is similar to the case of P considered in  amine groups should be 8 or more. An outstanding question
the previous section. There, the outer carboxyl atom was big the binding strength of carboxyl groups relative to amine
far the most mobile ligand atom seen in the dynamicgroups. For instance, if a structure had more amine groups
simulations. than carboxyl groups, would the binding be sufficiently
From these results, it appears that for structures with atrong?This question needs to be addressed before we can
composition similar to those of existing MRI compounds, make definitive choices between a set of candidate struc-
consisting of binding carboxylate oxygens, nitrogens andures such as those analyzed here.
water molecules, a chelate with significantly larger effective  Several common chelating agents, like DTPA and DOTA,
projected area will be difficult to design. There were no struc-which are currently in clinical use, hagrevalues of 1. In this
tures in the CSD containing at least one inner shell watepaper, molecular simulation methods have been used to pre-
that made more effective use of the area around the Gd thatict g-values for proposed structures that vary from 0 to 3. It
the known MRI compounds. would be interesting to synthesize and test some of these
molecules and examine the relationship between the predicted
binding group mobility andy-value, the stability constant,
Summary and relaxivity.

We have shown that it is possible to use molecular dynamics

and mechanics simulations to evaluate the static and dynami&cknowledgmentsMany helpful discussions with Dr.
properties of novel chelate structures. By use of these tool&enneth Kellar, including his assistance with the magnetic
it is now possible to predigi-values and binding conforma- relaxivity data, and the assistance of Dr. L. Castonguay in
tions for new chelate structures and evaluate their potentialbtaining the CSD structures are gratefully acknowledged.
usefulness as MRI contrast agents. Additionally, we can calThis work was supported by the Department of Energy un-
culate the magnetic resonance relaxivity for typical metal-der contract DE-AC0O4-94AL85000 and by a grant from Ster-
chelate complexes. ling-Winthrop, Inc.
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