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Hydroxypyridinone (HOPO)-based Gd(lll) complexes have previously been shown to exhibit high relaxivity, especially
at the high magnetic fields that are clinically relevant for present and future clinical use. This is due to more than
one coordinated water molecule exchanging rapidly with bulk solvent. These complexes, however, present poor
water solubility. Heteropodal complexes which include a terephthalamide (TAM) moiety maintain the high relaxivity
characteristics of the HOPO family and have been functionalized with solubilizing substituents of various charges.
The charge of the substituent significantly affects the stability of the Gd(lll) complex, with the most stable complex
presenting a neutral charge. The solubilizing substituent also moderately affects the affinity of the complex for
physiological anions, with the highest affinity observed for the positively charged complex. In any case, only two
anions, phosphate and oxalate, measureably bind the Gd(lll) complex with weak affinities that are comparable to
other g = 1 complexes and much weaker than DO3A, g = 2 based complexes. Furthermore, unlike poly(amino-
carboxylate)-based complexes, HOPO-based Gd(lll) complexes do not show any noticeable interaction with
carbonates. The nature of the substituent can also favorably stabilize the coordination of a third water molecule on
the Gd(lll) center and lead to a nine-coordinate ground state. Such complexes that attain ¢ = 3 incorporate a
substituent S to the terminal amide of the TAM podand that is a hydrogen-bond acceptor, suggesting that the third
water molecule is coordinated to the metal center through a hydrogen-bond network. These substituents include
alcohols, primary amines, and acids. Moreover, the coordination of a third water molecule has been achieved
without destabilizing the complex.

Introduction use as such a relaxation agent. Its high toxicity, however,
requires that it be complexed by a strong chelator for in vivo
applications. Current commercial poly(amino-carboxylate)-
based chelates have only one coordinated water molecule
which exchanges so slowly with the bulk solvent that it limits
%he image-enhancing capability (relaxivitss,,) of macro-
molecular derivatived The Solomon-Bloemberger-Mor-

gan equation indicates that the relaxivity can be significantly
increased by increasing the number of inner-sphere water
molecules. Attempts to increase the relaxivity of poly(amino-

In the past two decades, magnetic resonance imaging
(MRI) has evolved into one of the most powerful techniques
in diagnostic medicine and biomedical research. This tech-
nique has been further strengthened by the use of contras
agents which catalytically shorten the nuclear magnetic
relaxation time of nearby water protons, thereby highlighting
their surroundings and improving the ability to distinguish
different tissues. The Gd(lll) ion, with seven unpaired
electrons and a long electronic relaxation time, is ideal for
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carboxylate)-based ligands by increasing the number of waterbe affected by the position and size of the substituénts.

molecules coordinated to the Gd(lll) and shortening their

The change in ligand basicity that the substituents induce

residence time have unfortunately led to substantially can also affecty. We have demonstrated that the rate of

decreased stability of the complé&®.

We have previously reported hydroxypyridinone (HOPO)-
based Gd(IIl) complexes which display high relaxivity while
maintaining high stability-® This high relaxivity is due both

exchangekx = 1/ty) of the two water molecules coordinated
to a Gd(lll) center in neutral complexes with heptadentate
DO3A derivatives is modulated by the basicity of the
macrocyclic nitrogen bearing the pendant group: a lower

to the presence of two coordinated water molecules and tobasicity results in a slower water-exchange fé&téven the
their fast exchange rate. These two beneficial properties havecharge of the Gd(lll) complex can affect its water residence
been further exploited to design macromolecular derivatives time. We have recently been able to modulatepitetotropic

of significantly high relaxivities at the high magnetic field
which is clinically relevant®!! An important downside to
the original HOPO class of Gd(lIl) complexes is their poor

exchange rate of the coordinated water molecules of several
Gd-DTPA-BMA analogues by changing the overall charge
of the complexX® Similarly, Sherry and co-workers have

water solubility. The concentration of a contrast agent after shown that although the lanthanide coordination geometry

distribution throughout all of the extracellular space is
typically 0.25 mmol contrast agent/kg body weight~e8

mM of blood? Contrast agents are therefore typically injected
as 0.5 M solutions. Although high relaxivity agents could

be injected at lower concentration, it remains imperative that

it be highly soluble in water. While commercial agents easily

of their Eu-DOTA analogues does play a role in determining
m, the identity of the ligand side chains, and particularly
the charge and polarity they induce in the complex, can also
have a determining effeét.

Initial studies have indicated that the most stable complex
is achieved with a ligand of intermediate basicity, comprising

reach such concentrations, this is not the case for the aromatiewo HOPO and one terephthalamide (TAM) moiéty

HOPO-based complexes. The solubility of Gd-TREN-1-Me-
3,2-HOPO is less than 0.1 mAa.

The water solubility of HOPO-based complexes can
readily be increased by grafting solubilizing substituents.
However, in selecting the substituent, it is important to
consider the impact that it may have on the physical
properties of the complex and its behavior in physiological

further advantage of this chelate is its ease of functional-
ization of the terminal acid of the TAM podand with
solubilizing moiety and/or targeting groups. We have there-
fore investigated various Gd-TREN-bisHOPO-TAM com-
plexes functionalized with differently charged water-
solubilizing substituents including amines, alcohols, PEG
polymers, and carboxylates (Figure 1). All complexes

conditions. It has been seen previously that functionalization maintain the same heteropodal chelate, thus enabling a direct

of Gd-DOTA and Gd-DO3A with substituents of various
charges can significantly impact their affinities for physi-
ological anions> 17 Previous studies have also indicated that

study of the various effects of the substituents. Herein we
present the thermodynamic and relaxivity evaluation of these
derivatives and the effect of the solubilizing moieties on the

for a given diastereomer of Eu-DOTA analogues the lifetime stability of the complex and its selectivity versus physiologi-

of the coordinated water molecutgy, is directly related to

cal anions. The nature and position of the substituent can

the calculated solvent-accessible surface, which can in turnfurther optimize the number and exchange rate of coordinated
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water molecules.

Results and Discussion

Stabilities of Gd(lll) Complexes. The most important
pharmacological requirement for a contrast agent is limited
toxicity, which is in turn directly related to its stabiliff:?

It has been previously determined that for HOPO-based
Gd(I1l) complexes, maximum stability is obtained with a
heteropodal ligand of intermediate basicity comprising one
TAM moiety: TREN-bisHOPO-TAM The effect of sub-
stituting the TAM podand with solubilizing or targeting
group had, however, not yet been determined.
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Figure 1. Functionalized Gd-TREN-bisHOPO-TAM complexes.

Figure 2. Competition titrations of Gd-TREN-bisHOPO-TAM complexes
against DTPA. Thex intercepts indicate the difference in pGd between
each heteropodal ligand and the competing poly(amino-carboxylate).
Experimental conditions: 0.1 M KCI, pH 7.4, 2&.

The affinities of the various functionalized TREN-bisHOPO-
TAM ligands for Gd(Ill) were measured via competition
titration against the commercial agent DTPA. Throughout
each titration, the pH and the total concentration of the
heteropodal ligand and Gd(lIl) were kept constant, whereas
the concentration of the competing ligand was progressively

increased. The concentrations of free and complexed TREN-

bisHOPO-TAM (L) were then determined by WWisible
spectroscopy by using solutions of L and Gd-L at identical
conditions (concentrations, pH, and electrolyte and buffer

Table 1. Relative Stabilities of Gd-TREN-bisHOPO-TAM Complexes
vs DTPA?

complex charge pGd— pGdbrpa pGd
Gd-L1 -3 -1.97 171
Gd—-L2 -2 —-1.21 17.9
Gd-L3 -2 —0.46 18.6
Gd—-L4 -1 +0.27 194
Gd-L5 -1 +0.28 19.4
Gd—-L7 -1 +0.32 194
Gd-L8 0 +0.79 19.9
Gd-L9 +1 —-0.42 18.7

a Experimental conditions: 0.1 M KCI, pH 7.4, 2%&.
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Figure 3. Effect of the charge of the Gd(lll) complex on its stability.

complex. The stability of the various heteropodal complexes
spans over 3 orders of magnitude, with the neutral amine-

concentration) as references. The proportion of transmeta-terminatedGd-L8 being the most stable and the negatively

lation resulting from the titration of each TREN-bisHOPO-
TAM ligand comprising either an amine, acid, or PEG
substituent against DTPA is shown in Figure 2. Since the
stability of Gd-DTPA is knowrf??4 the concentration of

charged acid-terminate@d-L1 being the least stable. Figure

3 indicates the effect of the charge of the Gd-TREN-
bisHOPO-TAM derivatives on their stability. It is apparent
from this graph that acidic or negatively charged substituents

competing ligand necessary to generate an equal partitiondrastically decrease the stability of the complex and that this

of Gd(lIl) between the two ligands (log([DTPA]/[L]) when
log([Gd-DTPA]/[Gd-L]) = 0) directly gives the pM of the
heteropodal ligand at physiological pH. The refined relative
stabilities ApM = pGd. — pGd:.) of each Gd-TREN-
bisHOPO-TAM complex versus DTPA and the resulting pGd
are given in Table 1.

The solubilizing substituent of the TREN-bisHOPO-TAM
ligand significantly affects the stability of its Gd(lll)

(24) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R@em. Re.
1999 99, 2293-2352.

decrease is nearly proportional to the number of negative
charges. The addition of positive charges, as in tte
chargedGd-L9 also significantly decreases the pGd by 1
order of magnitude. It appears that, in order to achieve
maximum stability, not only should the ligand basicity be
optimized but the overall charge of the complex should be
maintained as close to zero as possible. One should note that
Gd(Ill) complexes whose ligands have similar basicity and
who bear similar overall charge, such as thie-chargedsd-

L7, Gd-L4, andGd-L5, have equivalent stability. Further-
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Table 2. Relative Stabilities of Gd-, Cu-, and Atb Complexes vs

DTPA?2
complex pPMs — pMprpa pM
Gd-L5 +0.28 19.4
Cu-L5 —1.07 16.9
Zn—L5 —2.86 12.4

a Experimental conditions: 0.1 M KCI, pH 7.4, 2&.

in the presence of physiological cations and anions. Like
their metal counterparts, physiological anions may be a
toxicity concern: if the complex is not stable enough,
phosphates can compete with the ligand for Gd(lll), thus
resulting in insoluble adducts that would precipitate in the
blood strean?? Endogenous anions can also decrease the
contrast-enhancing effectiveness of stable complexes as they
compete directly with bulk water molecules for coordination
to Gd(lll). If their affinities are sufficient to replace the
F_iglIJre 4. dCOfﬂpetition titratiors 01;jj Gd(lin) (flilled squares), Cu(ll) (%réen coordinated inner-sphere water molecules, the Gd(lIl) center
e e e o qana O 1O longer effecively relax bulk water and is relaxivty
and the competing poly(amino-carboxylate). Experimental conditions: 0.1 Sharply decreases. For instance, previous work on the DO3A
M KCI, pH 7.4, 25°C. family of complexes has demonstrated that both inner-sphere
water molecules were easily replaced by citrate, malonate,

more, the position of the negative acid moiety on the ligand O lactate and that at least one water molecule could be
appears to influence its impact on stability. @d-L3, the ~ replaced by carbonate or phosphaté” Minor structural
carboxylate moiety is kept far away from the Gd(lll) center. modifications of the ligand, such a¢methylation of the
The complex is more stable thaBd-L2, whose terminal ~ coordinating carboxylates, were found to significantly influ-
acid is hydrogen-bonded close to the metal. ence the affinities of oxy-anions for the compféx>More
importantly, the affinity of the anions for a complex
decreased as a function of its overall negative chatge.
The affinity of physiological anions for HOPO-based
Gd(lll) complexes was investigated on two differently
charged complexesGd-L5, which bears an overah-1
charge at physiological pH, an@d-L9, which bears an

Affinities for Physiological Cations. The tripodal HOPO-
based gadolinium complexes, like their DTPA-based coun-
terparts, are highly labile; their transmetalation readily occurs
within hours. Their physiological toxicity is therefore not
only controlled by their stability but also by their selectivity
versus endogenous metals, especially those present in non ! - ) -
negligible concentrations in the uncomplexed form in the Overall +1 charge. The physiologically available anions
serum. Of concern are Ca(ll) (concentration of the free ion studied are those fqund in suff|C|e_nt concentratmns in the
in serum= 2.5 mM), Zn(ll) (504M), and Cu(ll) (1uM).22 plasma to be potentially problematl.c. These include HCO
Selectivity is a measure of the relative stabilities of the (245 mM), HPQ?~ (0.38 mM), and citrate (0.11 mM) whose
different metal complexes formed by the same ligand. concentrations in bloqd plasma are comparable to that of a
Previous studies with6 have determined that the ligand contrast agent after distribution throughout all of the extra-

does not noticeably form any complexes with Ca(ll) under cellular spacé.Other biologically relevant anions ir_1c|ude_
physiological conditions and that its Zn(ll) complex was 2cetate, lactate, oxalate, malonate, and the amino acids
significantly less stable than Zn(DTPANo studies had been glycinate, glutamate, and aspartate. Fluoride, with the ability
performed on Cu(ll) HOPO-based complexes. To determine t0 replace a water molecule coordinated to a lanthanide and
the selectivity of the heteropodal ligah8 for Gd(lll) over remain tightly bound? was also included in the study.

Zn(l1) and Cu(ll), the stability of the two latter complexes The interactions between the Gd(lll) complexes and the

first had to be established. The stability, in terms of pm, anions were followed by relaxometry. In this protocol,
Zn-L5, and Cu-L5 was determined following the same solutions of the Gd(lll) complex in the presence of a 200-

protocol used for the pGd. The titrations (Figure 4 and Table fold molar excess of the respective anion were neutralized
2) indicate that the—1-charged HOPO-based ligand is to pH 7.4 and equilibrated for 2 weeks. The relaxivities of

significantly more selective for Gd(lll) over Cu(ll) (pGel the complex in the presence of each anion were then
pCu = 2.5) and zn(ll) (pGd— pzZn = 7.0) than the compared to that measured in pure water at identical pH and

commercial DTPA (pGd- pCu= 1.1; pGd— pZn= 3.7)22 temperature. Anions that have high affinities for the lan-

SinceL5 is of comparable stability and of higher selectivity thanide displace one or more coordinated water molecules,

against endogenous cations than the commercial agents, if€reby reducing the relaxivity of the complex. Table 3
indicates the effect of each physiological anion on the

is predicted that it would be of low toxicity. A i

Affinities for Physiological Anions. An important pa- relaxivity of either Gd(lll) complex.
rameter to consider in designing MRI contrast agents is their (25) Botta, M.. Aime, S.; Barge, A.. Bobba, G.. Dickins, R. S.: Parker,
in vivo behavior, in particular, their relaxivity and stability D.; Terreno, EChem.-Eur. J2003 9, 2102-2109.
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Table 3. Corrected Longitudinal Relaxivity,;, and Difference in RelaxivityAr1 = rigdi+anion — r1cdn for Gd-L5 andGd-L9 in the Presence of 200
Equivalent of Each Physiological Anidn

Gd-L5 Gd—-L9
anion ri(mM-1s1 Arp(mM~1s) ri(mM-1s1h Ar;(mM~1s1)

- 9.94(2) - 8.96(2) -

fluoride 9.26(3) —0.68(5) 6.45(1) —2.51(3)
biphosphate 7.11(2) —2.83(4) 7.21(2) —1.75(4)
bicarbonate 9.78(3) —0.16(5) 8.84(2) —0.12(4)
lactate 9.90(1) —0.04(3) 9.82(1) +0.86(3)
oxalate 5.79(1) —4.15(3) 6.31(2) —2.65(4)
acetate 10.00(3) +0.06(5) 9.88(3) +0.92(5)
malonate 9.40(2) —0.54(4) 9.40(2) +0.44(4)
citrate 10.00(2) +0.06(4) 9.24(1) +0.28(3)
glycinate 9.48(2) —0.46(4) 9.40(1) +0.44(3)
aspartate 10.00(2) +0.06(4) 10.46(2) +1.50(4)
glutamate 9.72(3) —0.22(5) 10.68(2) +1.72(4)

a Experimental conditions: 20 MHz, 2%, pH 7.40, [Gd complex{ 0.501 mM, [physiological anions¥ 0.100 M. Values in parentheses represent one
standard deviation.

109 o 12 -

® Gd-L5
o Gd-L9

10 1

6 T T T T T T T T T T T d T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100

[k,HPO,] (mM) [K oxalate] (mM)
(a) (b)

Figure 5. Titrations of Gd-L5 (filled circles) andGd-L9 (open circles) with (a) KHPOs and (b) K oxalate. Experimental conditions: 25, pH= 7.40,
[Gd complex]= 0.501 mM.

Only two physiological anions, hydrogen phosphate and observed for glutamate. On the other hand, a contribution
oxalate, have a significant effect on the relaxivity of both to the relaxivity from second coordination sphere water
HOPO-based complexes. As a comparison, bicarbonatemolecules following the formation of the ion-pairing interac-
interacts significantly not only with the commercial Gd- tion cannot be excluded.

DO3A (q = 2, log K, = 4.8) but also with Gd-DOTAq = Only two physiological anions, oxalate and phosphate,
1, log K, = 1.9) and Gd-DTPAq = 1, log K, = 1.4)? It interact significantly with either of the Gd-TREN-bisHOPO-
does not, however, have any noticeable interaction with eitherTAM complexes. The association constaris, of these

of the Gd-TREN-bisHOPO-TAM complexes, regardless of anions for each Gd(lll) complex were determined by titrating
the charge or substituent of the complex. In the case of thethe solution of the Gd(lll) complex containing a 200-fold
negatively charge@d-L5, malonate and glycine also interact molar excess of the anion considered with a stock solution
mildly, suggesting a very low association constant. No other of the Gd(lll) complex at the same concentration and pH
anions were found to interact noticeably with the Gd(lll) (Figure 5). TheK, for each ternary complex was analyzed
complex. More interestingly, in the case of the positively according to the proton relaxation enhancement (PRE)
chargedsd-L9, several anions such as glutamate, aspartate,method? They are given in Table 4 together with the
acetate, and lactate increase the relaxivity of the Gd(lIll) refinement parameters for the four titrations. Both anions
complex. This suggests that theses anions do not replacehave higher affinity for the positively chargéad-L9 than
coordinated water molecules but rather form a strong ionic for the negatively charge@d-L5. Botta and co-workers have
pair with the pendant amines, resulting in a ternary complex observed a similar trend for Gd(l1l) complexes of the DO3A
with a longer rotational correlation time and hence higher family in which the affinity of anions for the lanthanide
relaxivity. The increase in relaxivity is indeed proportional decreased with its overall negative chafgénterestingly,

to the size of the anions: a greater increase is observed forhydrogen phosphate forms stronger complexes than oxalate
aspartate than for glycine, and an even greater one iswith the negatively charge®d-L5 but weaker ones with

Inorganic Chemistry, Vol. 45, No. 20, 2006 8359
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Table 4. Refinement Parameters for the Binding of Biphosphate and 15 T T T
Oxalate toGd-L5 and Gd-L92
Gd-L5 Gd-L9
biphosphate  oxalate  biphosphate  oxalate <
[}
I'free (MM ™1 571) 9.94 9.94 8.96 8.96 w
I'1bound(MM ™1 s71) 6.32 2.40 7.15 6.22 E
Obound 1 0 1 1 =
log Ka 14 1.0 24 2.9 Ny o1
Y 0.0061 0.0086 0.0018 0.0031 34
a Experimental conditions: 28C, pH 7.40, [Gd complex§ 0.501 mM. 0
0,01 0,1 1 10 100

" Proton Larmor Frequency (MHz)
h itively char -L9. In h hydrogen
the positively cha gech 9 both cases, yd oge Figure 6. Nuclear magnetic resonance dispersion profileGaf-L9 in

phosphate Only replaces one of the two bound water water (filled circles) and in the presence of 200 equiv of oxalate (open
molecules such that the relaxivity of the ternary adduct is circles). The solid curve through the ('j&ata of the ternary complex was fitted
P imini with the following parameterst = 3.0 A,q =1, tr = 145 ps,ty = 17 ns,
o_nly partially _d|m|n|shed. Oxalate, on the other har_1d, A2 6.3 % 10962 am 40 A D =224 1005 cn? 5.1 The dotted
displaces both inner-sphere water molecules of the n_egat'velycurve is a simulation of the NMRD profile of the complex in water with a
chargedGd-L5 but apparently only one of the positively single water molecule. Experimental conditions: °Z5 pH 7.40.
chargedGd-L9. The association constants with hydrogen o
phosphate for the two HOPQ@ = 2 complexes are ternary complex has a significantly longei .. and thus
comparable to that of commercigl= 1 complexes (Gd-  higher relaxivity at low magnetic field. The electronic
DTPA — log Ka = 2.0, Gd-DTPA-BMA — log Ko = 2.0 relaxation times are sensitive to the coordination geometry
and Gd-DOTA— log K. = 2.2) and are significantly lower ~ Of the Gd(lll) center. A more symmetric coordination cage
than that of anotheq = 2 complex, Gd-DO3A (logKa = results in a smaller mean-square zero-field-splitting energy,
4.8)2 This difference stresses the importance in achieving A% and hence longer electronic relaxation timegze* In
appropriate coordination geometry for complexes with the presence of oxalate, the valueAsfof Gd-L9 decreases
several inner-sphere water molecules. A higher number of PY ¢a. 50%. The resulting longer electronic relaxation times
inner-sphere water molecules does not necessarily correlatéUggest a more symmetric environment around the Gd(ll)

long as they are positioned anti from one another. Gd(ll) shifts from an eight-coordinate bicapped trigonal
The bidentate oxalate anion appears to replace both innerPrismatic geometry to the more symmetric nine-coordinate
sphere water molecules of the negatively char@etL5 tricapped trigonal prism (Figure 7). In this proposed mech-

(1P = 2,40 mM s71), but only one of the positively ~ @nism, oxalate still acts as a bidentate ligand, forming a
chargedGd-L9 (1P = 6.22 mM s7Y). This apparent  ternary complex that still coordinates one water molecule.

discrepancy in the binding mode of the oxalate for the amine- On€e should note that the ternary adduct of the Gd(lll)
terminated Gd(lll) complex could be explained by two complex with oxalate also has a slightly higher molecular
different mechanisms. Either the oxalate binds the Gd(lll) Weight than the free complex and therefore a slightly longer
in an unusual monodentate manner while its second car-rotational correlation timez.

boxylate forms a strong ionic bond with the pendant tertiary ~ The overall weak interactions betwe€-L5 and physi-
nitrogen of the ligand (in this case, Gd(lll) would maintain ©logical anions and the high selectivity for the ligand over
a coordination number of eight), or the oxalate binds the Physiological metals suggest that the Gd(lll) complex and

Gd(lll) in a bidentate manner but constrains the metal centeritS relaxivity should be unaffected in human serum. The
to a nine-coordinate state that still includes one water NMRD profiles of 0.25 mMGd-L5 in human serum at 25

molecule. °C and, for comparison, in water at 2& are shown in

Some useful indications to discriminate between the two Figure 8. The proton relaxation enhancemetit; of Gd-
different binding modes for the oxalate ion can be obtained L5 in human serum is 1.76 at 20 MHz. Since there is no
by analyzing the nuclear magnetic resonance dispersionsignificant interactions between the Gd(lll) complex and
(NMRD) profile at low magnetic fields o6d-L9 with and physiological cations and anions, there is no decrease in
without 200 equiv of oxalate (Figure 6). The parameters for relaxivity. The observed increase in relaxivity is consistent
the refinements of these two profiles are given in Table 5 with previous reports of weak interactions between the small
and in the caption of Figure 6. In the presence of a large PEG chain and plasma proteftsz® The adducts of the Gd-
excess of oxalate, the complex indeed seems to have only(!ll) complex with the proteins behave as macromolecules
one coordinated water molecule. However, its NMRD profile Which tumble significantly slower; the resulting longer
is very different from the simulated curve of the free complex thus increases the relaxivity of the complex.
with g = 1. The relaxivity of the ternary adducts is much (26) Doble, D. M. J.; Botta, M.. Wang, J.. Aime. S.. Barge, A.; Raymond
lower than that of the free complex at high magnetic field K. N. J. Am. Chem. So@001, 123 10758-10759. ’
(>10 MHz) but identical at lower magnetic fieldc¢ MHz). (27) Thompson, M. K.; Doble, D. M. J.; Tso, L. S.; Barra, S.; Botta, M.;
This variation results from a large difference in the electronic (g Aime, S.; Raymond, K. Ninorg. Chem2004 43, 8577-8586.

. ) Botta, M.; Quici, S.; Pozzi, G.; Marzanni, G.; Pagliarin, R.; Barra, S.;
relaxation parameters upon complexation of the oxalate: the Crich, S. G.Org. Biomol. Chem2004 2, 570-577.
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Table 5. Refinement Parameters Obtained from AnalysistbfNMRD? Profiles and*’O Dat&

Gd complex L1 L2 L3 L4 L5 L6 L7 L8 L9
charge -3 -2 -2 -1 -1 -1 -1 0 +1
My, (g/mol) 896 852 781 1323 957 824 823 866 910
rip (20 MHz) 13.20 13.45 7.30 10.24 9.94 12.28 11.10 9.70 8.96
A2 (109572 1.5(2) 1.1(2) 1.5 (4) 0.9 (1) 1.2(1) 1.6 (2) 1.3(2) 1.4 (1) 1.3(1)
v (ps) 18 (3) 20 (2) 19 (3) 21(2) 19 (2) 20 (1) 19.0(9) 19.0 (4) 20.0 (9)
Tm (NS) 6.0 (8 4.5 (6F 107 20¢ 20¢ 10¢ 2.6 (9F 3.0 2.1(8F
7= (pS) 135(4) 124(2) 94(3) 234(7) 145(4) 109(4) 110(5) 114(3) 127(3)
q 3 3 2 1 2 3 3 2.4 2
AHy# (kd/mol) 19 (1) 17 (1) - - - - 14 (1) e 17 (1)
AH/# (kJ/mol) 5(2) 3(1) - - - — 1 3
A/h (1P rad/s) -3.6 (1) -3.5(2) - - - - —-3.6(1) e -3.6 (1)

aFor the parameters (distance between the gadolinium ion and the protons of the bound water mole€ulgs)ative diffusion coefficent), and
(distance of closest approach of outer sphere water molecules to the paramagnetic metal ion), the standard values of QL8,52e# s2, and 4.0
A were used, respectively.Experimental conditions: 28C, pH 7.40.c Measured by"’O VT VMR. 9 Fixed.® See ref 28.

Figure 7. Proposed water-exchange mechanism&il9 and its ternary
complex with oxalate. The eight- and nine-coordinate geometries are from
the single-crystal X-ray structure of La-TREN-1-Me-3,2-HOPO.
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Figure 8. H NMRD profiles of 0.25 mMGd-L5 in water and human
serum at 25°C. The data are corrected for the diamagnetic contributions
of water and serum, respectively.
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Relaxivity of Gd(lll) Complexes. HOPO/TAM Gd(lll)
complexes exchange water rapidks(~ 1 s1) through
an associative interchange mechanism, suggesting that th
eight- and nine-coordination states are close in en&rgkis
model is supported by the structure of the''Lanalogue of
TREN-1-Me-3,2-HOPO which crystallized as a dimer, with
one La being eight-coordinate and the other being nine-
coordinatét* The crystal structure of Gd-TREN-1-Me-3,2-
HOPO indicates that filling the open coordination site of
Gd(111) with a third water molecule would result in minimal
distortion of the comple%® This indicates that it would be
possible to stabilize the nine-coordination state to achigve
= 3 complexes which would still maintain high stability.
Indeed, we have shown that grafting a primary amine on

(29) Thompson, M. K.; Botta, M.; Nicolle, G.; Helm, L.; Aime, S;
Merbach, A. E.; Raymond, K. NJ. Am. Chem. So2003 125
14274-14275.

18 T T T T
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Proton Larmor Frequency (MHz)
Figure 9. NMRD profiles of Gd-L4 (open circles; dotted line)ad-L5
(filled squares), and-L6 (filled triangles). The best-fitting curve f@d-

L4 was calculated with a model that considers a contribution of second-
hydration-sphere water molecules (lower dotted ling)= 4,r' = 3.9 A,
tr' = 70 ps. Experimental conditions: 2& and pH 7.4.

0.01 1000

the terminal acid of the TAM moiety facilitates the coordina-
tion of a third water molecule on the Gd(lll) cenféfThis
favorable stabilization of the nine-coordination state of the
Gd(lll) center is probably due to a hydrogen-bonding
network that can, in theory, be achieved by any hydrogen-
bond acceptor such as alcohols and carboxylates.

The NMRD profiles of the—1-charged poly(ethylene-
glycol) and alcohol-terminated heteropodal comple®els
L4, Gd-L5, and Gd-L6 are shown in Figure 9. The
parameters obtained from the refinement of these profiles
are given in Table 5. Although it has a shorter rotational
correlation time, the smaller alcohol-terminated complex

éiisplays higher relaxivity than either PEG derivatives,

indicating that it has a higher number of inner-sphere water
molecules. This increase in coordination number for the
alcohol-terminated complex is probably due to a hydrogen-
bonding network similar to that oBd-L7.3° As shown in
Figure 10, the ethylene bridge to the alcohol enables its
oxygen to intramolecularly hydrogen-bond to the amide
proton via a stable five-membered ring. This amide proton
is already hydrogen-bonded via a six-membered ring to the
catechol oxygen such that intermolecular hydrogen-bonding
of the alcohol to a water molecule brings the water very close
to the Gd(lll) center and facilitates its coordination. Inter-
molecular hydrogen-bonding to water should be much

(30) Pierre, V. C.; Botta, M.; Aime, S.; Raymond, K. N. Am. Chem.
S0c.2006 128 5344-5345.
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Figure 10. Proposed hydrogen-bonding network to a third water molecule
resulting in the stabilization of the nine-coordinate geometry aGiil 6.
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Figure 12. Proposed hydrogen-bonding network to a third water molecule

resulting in the stabilization of the nine-coordinate geometry at foG(h)
L1 and (b)Gd-L2.
20+ B
24 T T
(1) q=4
20/ o ° 1
[ ]
A =3
"-m 16 . 2.....0..
£ 121 * . .
®
4 4 1 o0
O 8 q=2 i
0 T T T T
0.01 01 1 10 100 1000 44 i
Proton Larmor Frequency (MHz)
0 T T T T T T
Figure 11. NMRD profiles of Gd-L1 (open circles),Gd-L2 (filled 0 2 4 6 8 10 12 14
squares), an@d-L3 (filled triangles). Experimental conditions: 28 and pH

H 7.4. . N -
p Figure 13. Effect of pH on the longitudinal relaxivity;i, of Gd-L2.

Experimental conditions: 2%C and 20 MHz.
weaker for the PEG derivatives, which therefore maintain a
g = 2, eight-coordinate ground state.

The relaxivity of the 12-ether-long PEG derivatiGx- molecule.

LA.' i.S comparable to that Of. the 4—ether-|'0|3\3;i.-L5, and ) The pH dependence of the relaxivity of tlifiealanine
this is despite a longer rotational correlation time resulting derivative(Gd-L2), shown in Figure 13, is very similar to
from its 1.4 tim_e_s b_igger molecular weight. Its Iowe_r-than- that of the mono-amine-substituted comp#xhis further
expected relaxivity is, therefore, a consequence of its IowerSUIOIOOrtS the theory of the hydrogen-bonding network. The

number of inner-sphere water molecule < 1). This relaxivity remains constant between pH 13 and 7, corre-
deduction is in agreement with previous stuéfie’8 that have sponding to the nine-coordinate= 3 form. It then decreases

demonst_rated that long poly(ethylene-glycol) chain_s a_lr_‘nost by about a third, to presumablyce= 2 complex at pH 4,
always displace one water molecule. Moreover, a significant peore increasing again at pH 3 to the partially dissociated
contribution to the total relaxivity results from H-bonded q = 4 form. This pH of 4 corresponds to the typicadof
water molecules in the proximity of the paramagnetic center. ¢4 gyylic acids such as the one of the terminal substituent.
This contribution corresponds approximately to that of four e protonated form of the acid, however, does not have
second-sphere water moleculef) (ocated at a distance of  {he same hydrogen-bonding network as the deprotonated one.

ca. 3.9 A from the Gd(lll) center. This effect is probably | may therefore no longer hydrogen-bond and stabilize the
due to the hydrophilic polymer, which organizes the water sordination of a third water molecule on the Gd(lll) center.

molecules by forming a network of hydrogen-bonded solvent e resulting neutral complex is thus only a eight-coordinate

solvent molecule, it is sterically not close enough to the metal
center to be able to stabilize the coordination of a third water

molecules around #: (g = 2) species with lower relaxivity. As the pH decreases
The NMRD profiles of the—2- and —3-charged acid-  to 3, the TAM podand is protonated; as it dissociates from
terminated heteropodal complex8d-L1, Gd-L2, andGd- the Gd(lll), it is replaced by two water molecules, resulting

L3, are shown in Figure 11. The parameters obtained fromin a 2-fold increase in relaxivity. The relaxivity then
the refinement of these profiles are given in Table 5. As is decreases toward pH 1 as the complex completely dissociates.
apparent from the NMRD profile, the amino acid derivatives ~ The temperature dependences of the paramagnetic con-
demonstrate much higher relaxivity, corresponding)te tribution to the water’O NMR transverse relaxation rate

3, than the nonfunctionalizeyl= 2 Gd-L3. Again, the higher  (R;) for the two acid derivatives are shown in Figure 14.
coordination number of the alanine and aspartic derivatives The curves of both complexes are characterized only by the
can be explained by an intra- and intermolecular hydrogen- fast exchangeegion whereR,, decreases with temperature,
bonding network which stabilizes the coordination of a third a behavior associated with shaytvalues. Furthermore, since
water molecule on the Gd(lIl) center (Figure 12). Although these complexes have a nine-coordinate ground state, the
the carboxylate o5d-L3 is capable of hydrogen-bondinga mechanism of exchange is probably dissociative. The refine-
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Figure 14. Temperature dependence of the paramagnetic contribution to

the water'’0O NMR transverse relaxation rat&) for Gd-L1 (17 mM;

filled circles) andGd-L2 (14 mM; open circles). Experimental conditions:

pH 7.03,2.1 T.
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Figure 15. Rotational correlation timeg, vs My, for Gd-TREN-bisHOPO-
TAM derivatives R = 0.981 for the straight line). The data labeled with
an asterisk refers to a dendritic complex reported in ref 9. Note the fact
that L4 is above the line supports our view that a significant number of
water molecules are H-bonded to the PEG chain and contribute to the

800 1000

ment parameters for these dependences, given in Table Syelaxivity but also result in a higher effectid,.

indicate that the water residence mean lifetimes of-tize
charged alanine derivatived-L2 and of the—3-charged
aspartic derivativeGd-L1 are of the order of a few
nanoseconds at 298 K and rather similar to those ofthe
and +1-charged amine derivative&d-L7 and Gd-L9,

In the refinement of a NMRD profile, the effect gfis
inversely proportional to that ofz. If the value ofq is set
too low, then in order to compensate for iz would be
refined to a value too high by the same ratio (and vice versa).

respectively. These results might be an indication that the For instance, initial refinement of the NMRD profile Gid-
three water molecules in the nine-coordinate ground statelL5 suggested that the complex comprised one inner-sphere

are more sterically destabilized and their mean lifetimes

water molecule. However, this refinement led to a rotational

remain very short. Then, all these complexes possess a vengorrelation time of 240 ps. Since the complex had.a=
similar rate of water exchange, regardless of their charge 957 g/mol, this was clearly an outlier in the vs My, graph,

and type of coordination ground state, confirming that in
the HOPO family of complexes the eight- and nine-

indicating that the parameters were not refined correctly.
Refining the profile withg = 2 resulted in agr = 145 ps,

coordinate states are very close in energy and small perturbawhich is in agreement with the Deby&tokes relationship,

tion in the ligand structure may change the nature of the
ground state. Recently, an even shottgwalue was reported
for a—3-charged Gd(lll) complex were the exchange occurs

indicating that the Gd(lll) center most probably coordinates
two water molecules. As can be seen in Figure 15, since all
complexes follow this linear relationship, the numbers of

via a dissociative mechanism and this was also explainedinner-sphere water molecules are in all probability assigned

on the basis of a very small energy gap between the nine-
coordinate ground state and the eight-coordinate transition

state3!

correctly.

Conclusion

One method to ensure that the number of coordinated The solution thermodynamics and relaxometric properties

water moleculesg, has been assigned correctly it to graph
the rotational correlation timegg, versus the molecular
weight (Figure 15). This linear relationship, described by
the Debye-Stokes equation (eq 1) is independent of the
number of inner-sphere water molecules.

.= 4‘77’7r3eff
R 3k T

)

In this correlation kg is Boltzmann’'s constanfT is the
temperaturere is the radius of the molecule in the medium
considered, and; is the microviscosity, which can be
considerably different from the macroviscosity of the solu-
tion. At first approximation, which is for rigid spherical
molecules with negligible internal motion such as small
complexes, the volumey is linearly proportional to the
molecular weight of the compound, and hence, stris

(31) Mato-Iglesias, M.; Platas-Iglesias, C.; Djanashvili, K.; Peters, J. A,;
Toth, E.; Balogh, E.; Muller, R. N.; Vander Elst, L.; de Blas, A,;
Rodrguez-Blas, TChem. CommurR2005 4729-4731.

of nine heteropodal complexes bearing differently charged
water solubilizing substituents have been presented. The
complexes maintain the same TREN-bisHOPO-TAM chelat-
ing scaffold, which enabled the direct study of the effects
of the charged substituents. The stability of each complex
was determined by competition titration against the com-
mercial agent DTPA. The charge of the substituent has a
significant impact on the stability of the Gd(Ill) complex:
the closer it is to neutral, the more stable the complex. In
particular, the addition of negative charges through func-
tionalization of the TAM podand with acid moieties signifi-
cantly decreases the stability of the complex by several orders
of magnitude.

The affinities of physiologically relevant anions for both
a negatively and a positively charged heteropodal complex
have been presented. Only two anions, phosphate and oxalate,
coordinate the Gd(lIl) and partially replace the inner-sphere
water molecules. The affinities for these anions are, however,
very weak, with the negatively charged complex displaying
lower affinity than the positively charged one. The associa-
tion constants of the ternary adducts are comparable to that

Inorganic Chemistry, Vol. 45, No. 20, 2006 8363



Pierre et al.

of otherqg = 1 commercial contrast agents and are signifi- weighed mass of the respective ligahd @ndL9) with a precise
cantly lower than those of other= 2 complexes. Conse- Vvolume of standardize stock solution in degassed Millipore
y er p | f dardized Gd(lll) k solution in d d Milli

quently, the relaxivity, and thus the contrast ability, of the Water and neutralizing it to pH 7.40 with standardized 0.1000 M
heteropodal complexes are not affected by human serum. KOH. A molar ratio of ligand/Gd(lIl) of 1.05:1 was used to ensure

The relaxivity of the heteropodal complexes, including complete complexation of the Gd(lIl). Equal volumes of the GdL

. ) ’ and the anion stock solutions were mixed and allowed to equilibrate

their NMRD profile, pH dependence, and water eXChar.]ge for 1 week (typical final concentrations were 0.500 mM GdL and
rates have also been presented. The nature of the substitue

- R . .100 M anion). The relaxivity at 20 MHz (vide infra) of the
can favorably stabilize the coordination of a third water ¢omplex in the presence of each anion was compared to that in

molecule on the Gd(lll) center and lead to a nine-coordinate pyre water at identical concentration and pH. If a significant
ground state. Such complexes that at@is 3 incorporate interaction was observed, the GdL/anion solution was titrated with
a substituenp to the terminal amide of the TAM podand incremental addition of the pure GdL complex at identical
which are hydrogen-bond acceptors, suggesting that the thirdconcentration and pH, and the relaxivity at 20 MHz measured after
water molecule is coordinated to the metal center through aeach addition.

hydrogen-bonding network. These substituents include al- Relaxivity Measurements.'H NMR. The longitudinal water
cohols, primary amines, and acids. Since this 3 can be prqton relaxation rate at 20 MHz was measured.by using a
achieved without destabilizing the complex, the significantly SPinmaster spectrometer (Stelar, Mede, Italy) operating at 0.47 T;

higher relaxivity of these small complexes makes them the SFandard inversmﬂecovery tecmiqu? was employed (16
L ; experiments, 4 scans). A typical 9pulse width was 3.5 ms, and
promlsmg candidates for the development of second-genera-the reproducibility of thél; data wast0.5%. The temperature was
tion contrast agents. controlled with a Stelar VTC-91 air-flow heater equipped with a
copper-constantan thermocouple (uncertainty-00.1 °C). The
proton 1T; NMRD profiles were measured on a Stelar fast field-
Solution Thermodynamics. Relative Stability by Competition cycling FFC-2000 (Mede, Pv, Italy) relaxometer 61©.25-1.0
Titration. Varying volumes of DTPA stock solution were added mmol gadolinium solutions in nondeuterated water. The relaxometer
to solutions of identical concentrations of ligand (L), standardized operates under computer control with an absolute uncertainty in
metal (Gd(lll), Cu(ll), or Zn(ll)), electrolyte (KCI), HEPES buffer ~ 1/T; of £1%. The NMRD profiles were measured in the range of
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acilly = 7.5), magnetic fields from 0.00024 to 1.6 T (corresponding to 6-0Q
and MES buffer (4-morpholineethanesulfonic acidg = 7.5). All MHz proton Larmor frequencies). Details of the instrument and of
solutions were brought to pH 7.4& 0.01 by the addition of the data acquisition procedure are given elsewkegamples in
standardized 0.1 M KOH and diluted to identical volumes. A molar human serum were prepared by dissolving lyophilized human serum
ratio of 1:1 for Gd(lll)/ligand, and molar ratios of 1:0.5 up to 1:2000 (Sigma-Aldrich) in 5 mL of a Gd(lll) complex of known concentra-
for ligand/C.L. were used. Typical final concentrations were 50 tion.
uM of ligand and metal, 0.1 M KCI, 0.5 mM MES, and 0.7 mM 170 NMR. Variable-temperatur& O NMR measurements were
HEPES. All samples were equilibrated in a thermostatic shaker at recorded on JEOL EX-90 (2.1 T) spectrometer equipped with a
25°C for at least 48 h. The U¥visible spectrum of each solution ~ 5-mm probe. A RO external lock and solutions containing 2.0%
was measured on a Cary 300 (Varian) using a 1-cm quartz cell. A of the 17O isotope (Cambridge Isotope) were used. The observed
solution of DTPA at identical concentration and pH was used as a transverse relaxation rates were calculated from the signal width
background. The concentrations of free and complexed ligand in at half-height. Other details of the instrumentation, experimental
each solution were averaged over 100 wavelengths between 325methods, and data analysis have been previously repbrted.

and 375 nm by using solutions of L and GdL at identical conditions
(concentrations, pH, electrolyte, and buffer concentration) as Acknowledgment. The research (UCB) was supported
references. by the NIH (Grant No. HL69832), a NATO Travel Grant
Affinities for Physiological Anions. Stock solutions (0.2000 M) (PST.CLG.980380), and an unrestricted research gift from
of each anion (glycine, monopotassiurglutamate, monopotassium ~ Schering AG.
L-aspartate, potassium oxalate, potassium citrate tribasialic
acid, L-lactic acid, potassium acetate, potassium bicarbonate,
potassium phosphate dibasic, and potassium fluoride, all from
Aldrich 99.9%) were prepared by dissolving a precisely weighed
mass of the respective acid or potassium salt in degassed Millipore
water and neutralizing it to pH 7.40 with standardized 0.1000 M
KOH or standardized 0.1000 M HCI. Stock solutions (1.00 mM
GdL) of each GdL complex were prepared by dissolving a precisely 1C061262Q

Experimental Section

Supporting Information Available: Detailed experimental
procedures and characterization data for the synthesis of the ligands
and complexes, detailed method for the determination of pM values,
and NMRD profile showing second sphere contributionsaof
L4. This material is available free of charge via the Internet at
http://pubs.acs.org.
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