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The synthesis and relaxometric properties of hetero-tripodal hydroxypyridonate-terephthalamide gadolinium (Gd**)
chelates with differing structural features for probing human serum albumin (HSA) interactions are reported. The
Gd®* complexes are divided into two series. The first series (3-5) features a benzyl derivative connected to the
hydroxypyridonate (HOPO) moiety. The second series of complexes (6—10) has the common feature of a poly-
(ethylene glycol) (PEG) attached to the terephthalamide (TAM) moiety and is nonbenzylated. The water exchange
of the complexes is in the fast exchange regime with rates (ke) in the range 0.45-1.11 x 108 s*. The complexes
have a moderate interaction with HSA with association constants (Ky's) in the range 0.7-8.6 x 10° M~L. Protein
binding results in an enhancement in proton relaxivity from 7.7-10.4 mM~1 s (1) to 15-29 mM~1 s72 (r,?). It
is concluded that the interaction of the complexes with HSA (i) is enhanced by the presence of benzyl groups, (ii)
is entropically driven, and (jii) results in a lower hydration number (q).

Introduction capable of targeting receptors which are usually present in
. . . ) ) i low concentrations in vivo (10—10"*2 mol/g of tissue)
~ Magnetic resonance imaging (MRI) is a rapidly growing pinges on improving the relatively low sensitivity of the
field in diagnostic medicine: it is noninvasive, has N0 acpnique. It has been estimated that visualization of receptors
radiation burden, and provides high spatial resolution and on the surface of cells requires 2LC° paramagnetic
excellent tissue contradt An important component of the chelates per cell to bring about sufficieft relaxationt
rapid progress of this diagnostic tec_hnique is the develc_)pmentDespite the higher magnetic field strengths of current MRI
and use of contn_alst agents which enhance the MaY9€S5canners in clinical use (0:8..5 T, corresponding to proton
acquired. Magnevist, [Gd(DTPA)@@)]*", was the first | oo frequencies of 2060 MHz), there is a need for

clinically approved MRI contrast agent and is widely used pjgher image enhancement capabilities, i.e., greater proton
in hospitals® The development of MRI as a clinical modality relaxivity.

Most contrast agents in development (and at the basic
* . - HE . .
Socrgfeg’ggmeﬁg;rizﬁo”dence should be addressed: E-mail: raymond@ yesearch stage) are based on a poly(amino-carboxylate) ligand
T University of California, Berkeley. framework. It is now evident that a serious limitation of

f Universitadel Piemonte Orientale "Amedeo Avogadro”. commercial contrast agents is the intrinsically slow water
§ Universitadi Torino.
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several methods of increasing the water exchange rate of
poly(amino-carboxylate) complexes. Recently, Sherry and
co-workers have demonstrated that locking out arm and
macrocycle backbone isomerizations generates a DOTA
analogue which has a fast water exchange &dteere are
several methods of slowing the tumbling (increasing the
rotational correlation timegg) of Gt complexes, but the
most straightforward method is via reversible, noncovalent
binding of the contrast agent to a biological receptor.

The biological receptor that has previously been success-
fully targeted is human serum albumin (HSA), a 69 kDa
blood protein present as 4.5% of plasma and the most
abundant protein in serufBinding of the contrast agent to
HSA increases intravascular retention, increases rotational

6,R; =Me, Ry=H, Ry = OEt,n =2
7,R1=Me, Ry=H, Rz = OMe, n = 11

3,R1=H,Ry=Me

correlation times (nanosecond regime as compared to 4 Re = H Ry = (CHaCH;0) Me 8 Ry = H, Ry = Me, Rg = OMe, n = 42
. . . 5. R1 = OMe, Rz = (CH;CHz0)1Me 9,Ry = H, Ry = Me, Ry = OMe, n = 122
picosecond rotation of unbound agent), and results in 16, 1 = H, Rp = Mo, g = Ny 2
improved relaxivity in the blood/ It is difficult to rationally Figure 1. Complexes relevant to discussion.

design a G&" complex with a high affinity for HSAKa ~
10 M71), although it is known that the presence of ivity (9—10 mM™ s™!) of these eight-coordinate Gd
hydrophobic groups as well as negative electric charges arecomplexes is due to the presence of two coordinated water
among the basic requirements for binding a substrate tomolecules § = 2).!2'* However, the rotational correlation
serum albumirf. These observations are consistent with the times of the complexes are relatively shag 100 ps) due
structural characteristics of the primary drug binding sites to their low molecular weight€1000 Da). The inner-sphere
of the protein (sites | and IB1°The entrances of the binding ~ water exchange rate of the complexes is fast# 7 x 10’
sites are surrounded by positively charged residues whiles™).1* This is due to a low activation energy barrier for the
the inside walls of the pockets are lined by hydrophobic side transition between eight- and nine-coordinate st&td@he
chains? Solomon-Bloemberger-Morgan theory of inner-sphere
Several literature contributions in blood pool targeting of Proton relaxatiotf predicts that significantly higher relax-
gadolinium chelates have been made in recent years, ivities are attainablex 200 mM™ s™, at 20 MHz) if the
particularly by Epix Medical, makers of MS-325, a DTPA- rotation of the HOPO-based complex is slowed by 2 orders
based complex designed for MR angiography applicaions. of magnitude.
This chelate possesses a strong albumin binding affinity, and Despite the appealing stability and relaxivity properties
the resulting relaxivity (at 20 MHz) is 9 times greater than ©f the parent homo-tripodal Gd complex (), the original
that for the unbound chelate. The agent possesses a lipophili¢igand design is not readily amenable to substitution on the
diphenyl-cyclohexyl pendant group that interacts favorably HOPO ring nitrogen. While the substitution of a methoxy-
with the human serum albumin, while the charged phos- €thyl group onto the ring N of the HOPO was previously

phodiester moiety enhances water solubility and deters "eported;® the synthetic procedure then used was cumber-
hepatobiliary uptaké. some. The parent complex, GAd[TREN-1-Me-3,2-HOPD] (

The Gd* complexes based on a tripodal hydroxypyrido- is also of very low solubility in water, which prevents full
nate (HOPO) ligand scaffoldl) are interesting candidates relaxometric investigation. The neutral charge of the complex
for the development of second-generation MRI contrast is less desirable than an anionic overall charge in order to
agents due to their high thermodynamic stabifiy and facilitate interaction with the positively charged amino acid
proton relaxivity (Figure 12714 The relatively high relax- r'eS|dues at the mouth of the HS_A b'”‘?"”g, §tl.alence., a

ligand design that allowed for facile derivatization to insert
(6) Woods, M. Kovacs, Z.; Zhang, S.; Sherry, A.Angew. Chem., Int. (i) hydrophilic groups for water solubility, (ii) aromatic
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J. Am. Chem. So@002 124, 3152-3162. features two HOPO units and a terephthalamide (TAM) unit,
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moiety also has an ortho-oxygen binding motif; hence, the solvent was removed and the residue dissolved in distilled water.

favorable stability and relaxivity properties of the complex The solution was acidified to pH 1 by addition of 6.0 M HCI to
are maintained. yield a white precipitate, which was filtered and dried (Yield: 6.27

Of critical importance to the development of slowly 9: 68%).*H NMR (CDCL, 400 MHz): 6 = 2.30 (s, 3H, HOPO
tumbling and site-specific HOPO-based contrast agents isﬁgﬁ’o‘r’gg (‘? 32;7 32'0@1853A(5|’_|2H' BnAC"Z?’g'SlSd(S'; 1H'd
the development of synthetic methodologies that allow for ). 7- A4 (m, , Ar H) ppm. Anal. Calcd (Found)

. o . . . for C2iH19NO4-0.4H,0: C, 72.19 (72.19); H, 5.48 (5.66); N, 4.01
facile substitution on the chelating units. The TAM moiety (gr942)1 FABMS 6';;2 Vr 350 [I\fl i H])+ (5.66)

conveniently contains a second amide group that allows for =~ v\ 1 5. L\ ~56 Bhthiaz (26).Compound24 (5.36 g, 15.3
functionalization with primary amines. It has been previously mmol) was dissolved in C}€l, (100 mL) under an atmosphere of
shown that the attachment of poly(ethylene glycol) (PEG) N, 2-Mercaptothiazoline (1.88 g, 16.1 mmol) and (dimethylamino)-
chains to the TAM significantly enhances the water solubility pyridine (DMAP, 0.16 g, 1.0 mmol) were then added, and the
and also allows for a weak, noncovalent interaction with solution was stirred for 1 h. Dicyclohexylcarbodiimide (DCC, 3.45
HSA8 g, 16.9 mmol) was then added in small portions, and the reaction
Herein, we report the synthesis of a HOPO isomer mixture was stirred for 16 h and then allowed to stand for 24 h at
functionalized with benzyl (Bn) groups to enable noncovalent 0 °C. The reaction mixture was filtered, and the solvent was
interaction of the chelate with albumin. The synthesis of a rémoved by evaporation. EtOAc (10 mL) was added, and the
series of structurally related Gtomplexes (Figure 1), with solution was flltere_d. This last step was repea_ted three tlme_s in
subtle differences in ligand design, is reported and featuresOIrder to remove dlcyglohexylurea (DCU), yielding a yellow .O.'I‘
a PEG substituted on the TAM. The relaxivity properties of The product was purified by flash column chromatography (silica,

R CH,CI, as eluent). The solvents were removed by rotary evapora-
these complexes are presented, h!ghllghtl_ng the effects Oftion, yielding a viscous yellow oil, which was recrystallized from
both PEG and Bn groups on HSA interaction.

acetone to give a yellow crystalline solid (yield: 5.10 g, 74%j).
NMR (CDCls, 400 MHz): 6 = 2.27 (s, 3H, HOPO ChJ, 2.90 (t,
2H, J = 7.3 Hz, thiaz CH)), 4.59 (t,J = 7.3 Hz, 2H, thiaz Ch),
General Considerations . Starting materials were obtained from  5.34 (s, 2H, Bn-CH), 5.38 (s, 2H, Bn-Ch), 5.98 (s, 1H, HOPO
commercial suppliers and used without further purification unless CH), 7.12-7.49 (m, 10H, Ar H) ppm. Anal. Calcd (Found) for
otherwise noted. Flash silica gel chromatography was performed Co4H22N.03S,: C, 63.98 (64.04); H, 4.92 (5.02); N, 6.22 (6.03).
using Merck silica gel (467 mesh). Microanalyses were performed FAB-MS (+): m/zz 451 [M + H]*.
by the Microanalytical Services Laboratory, and mass spectra were TREN-bis(6-Me-1-Bn-HOPO-Bn), (30). A solution of com-
recorded at the Mass Spectrometry Laboratory, both of the College pound 26 (1.125 g, 2.50 mmol) in CkCl, (100 mL) was added
of Chemistry, University of California, Berkeley. Unless otherwise dropwise, over 20 h, to a rapidly stirring solution of tris(2-
stated, NMR spectra were recorded at room temperature on eitheraminoethyl)amine (TREN, 0.201 g, 1.37 mmol) in & (100
AMX-300, AM-400, AMX-400, or DRX-500 Bilker FT spectrom- mL). The reaction was allowed to continue for 30 h (TLC indicated
eters. the formation of the tris-, bis-, and mono-substituted products). The
Synthesis.The syntheses of complex8sand 10 are described solvent was evaporated, and the bis-substituted product was purified
as representative of the series (see Supporting Information for by flash silica column chromatography (eluent: 99:1,CH/NEt;
details). with increasing gradient of MeOH to 5%). Evaporation of the
6-Me-1-Bn-HOPO-Bn-ester (22).Compound21 was synthe- solvents yielded a white foam (yield: 1.02 g, 92.0%). NMR
sized as previously reporté® K,CO; (10.5 g, 75.4 mmol) was (CDCl;, 400 MHz): 6 = 2.19 (s, 3H, CH), 2.18 (s, 3H, Ch),
added to a suspension 21 (5.20 g, 26.4 mmol) in dry DMF (10 2.32-2.47 (m, 8H, TREN Ch), 3.26 (m, 4H, TREN HN-CH,),
mL) under an atmosphere of;NBenzyl chloride (6.96 g, 55.0  5.29 (s, 4H, Bn CH), 5.33 (s, 4H, Bn Ch), 6.48 (s, 1H, HOPO
mmol) was added and the reaction stirred at@5or 30 h, during CH), 6.52 (s, 1H, HOPO CH), 7.6Z7.36 (m, 20H, Ar H), 8.02
which time the progress of the reaction was monitored by TLC. 8.08 (t, 2H, amide NH) ppm.
The solvents were removed by rotary evaporation, and the residue  TREN-bis(6-Me-1-Bn-HOPO-Bn)-(Br-TAM-thiaz) (34). Com-
was taken up in EtOAc (100 mL) and water (100 mL). The layers pound30 (1.21 g, 1.5 mmol) was dissolved in GEl, and added
were separated, and the organic layer was washed with water (5 dropwise to a rapidly stirring solution of exce8 (14.0 g, 24
100 mL), dried (NaSQy), filtered, and evaporated to dryness. The  mmol) in CHCl, (100 mL) over 2 h. The solution was evaporated,
crude product was purified by flash silica column chromatography and the crude product was purified twice by flash silica column
(eluent: CHCIp) and the solvent removed by rotary evaporation chromatography (eluent: GBI, with increasing gradient of MeOH
to afford a light brown oil (yield: 7.46 g, 75%)H NMR (CDCls, to 5%). The solvents were then removed to yield a yellow oil.
300 MHz): 6 = 1.28 (t,J = 6.9 Hz, 3H, CH Et ester), 2.26 (s,  Excess NEfwas removed by washing with 1.0 M KOH solution
3H, HOPO CH), 4.30 (g9,J = 7.1 Hz, 2H, CH), 5.31 (s, 2H, and repeatedly evaporating the residual solution with MeOH (3
Bn-CH), 5.36 (s, 2H, Bn-Ch), 6.18 (s, 1H, HOPO CH), 7.10 10 mL). The final product was a yellow foam (yield: 1.39 g, 73%).
7.51 (m, 10H, Ar H) ppm. FAB-MS+): m/z. 378.2 [M + H]™. IH NMR (CDCl, 400 MHz): 6 = 2.25 (s, 6H, HOPO C¥J, 2.37
6-Me-1-Bn-HOPO-Bn-acid (24).Compound?2(11.54 g, 26.4  (m, 6H, TREN CH), 2.93 (t,J = 7.3 Hz, 2H, thiaz Ch), 3.38 (m,

Experimental Details

mmol) was dissolved in a solution of KOH (2.3 g, 40 mmol) in
MeOH (200 mL). The reaction mixture was stirred for 2 days, after
which time TLC indicated that the reaction was complete. The

(18) Doble, D. M. J.; Wang, J.; Botta, M.; Aime, S.; Raymond, K.J\.
Am. Chem. So001, 123 10758-10759.

(19) Doble, D. M. J.; Melchior, M.; O’Sullivan, B.; Siering, C.; Xu, J.;
Pierre, V. C.; Raymond, K. Nlnorg. Chem 2003 42, 4930-4937.

6H, TREN CH), 4.37 (t,J = 7.3 Hz, 2H, thiaz CHh), 5.09 (s, 2H,
TAM Bn CHy), 5.12 (s, 2H, TAM Bn CH), 5.35 (s, 8H, HOPO
Bn CH,), 6.58 (s, 2H, HOPO CH), 7.697.38 (m, 31H, Ar H),
7.27 (br s, 1H, TAM NH), 7.85 (d, 1H, TAM CH), 7.94 (br s, 2H,
HOPO NH), 8.30 (br s, 1H, TAM NH) ppm. Anal. Calcd (Found)
for C73H71N7010S,-3.5H,0: C, 65.77 (6552), H, 5.86 (556), N,
7.36 (7.04). FAB-MS{): m/z 1270.5 [M+ 1]*.
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TREN-bis(1-Bn-6-Me-HOPO-Bn)-(Bn,-TAM-Me) (38). Ex-
cess methylamine (solution in,B) was shaken with a solution of
compound34 (1.12 g, 0.883 mmol) in CkCl, (100 mL), resulting
in an instantaneous color change from yellow to colorless. The
product was purified by flash silica column chromatography
(eluent: CHCI, with increasing gradient of MeOH) to yield a white
foam after removal of solvents (yield: 0.76 g, 73%) NMR
(CDCl;, 400 MHz): 6 = 2.17 (s, 6H, HOPO C}J, 2.51 (m, 6H,
TREN CH,), 2.71 (d, 3H, TAM CH), 3.29 (m, 6H, TREN Ch),
5.00 (s, 2H, TAM Bn CH), 5.03 (s, 2H, TAM Bn CH), 5.18 (s,
4H, HOPO Bn CH), 5.28 (s, 4H, HOPO Bn C}), 6.18 (s, 2H,
HOPO CH), 7.057.37 (m, 32H, Ar H), 8.26:8.25 (m, 4H, NH)
ppm. Anal. Calcd (Found) for £H71N;O,0-2H,0: C, 69.99 (69.96);

H, 6.20 (6.03); N, 8.05 (7.88). FAB-MSH): n/z 1182.6 [M+
1]+

TREN-bis(1-Bn-6-Me-HOPO)-(TAM-Me) (44). 10% Pd on
carbon (0.235 g) was added to a solution of compod®¢0.540
g, 0.457 mmol) in AcOH (10 mL) and #® (5 mL) and the mixture
stirred under an atmosphere of thder ambient conditions for 48

Thompson et al.

TREN-bis(1-Me-HOPO-Bn)-(Bn,-TAM-PEG-NH ;) (43). A
solution of compoun®7 (1.50 g, 1.41 mmol) in CkCl, (100 mL)
was added to a rapidly stirring solution of 2-[2-(2-amino-ethoxy)-
ethoxy]-ethylamine (10.46 g, 70.6 mmol) in @&, (200 mL). The
resulting clear solution was purified by column chromatography
(eluent: 99:1 CHCI,/NEt;, with an increasing gradient of MeOH
from 0 to 10%). The solvents were removed to yield a colorless
oil (yield: 0.96 g, 61%).XH NMR (de-DMSO, 400 MHz): 6 =
3.18-3.54 (m, 18H, TREN and PEG GHHOPO CH), 5.02 (s,
4H, Bn CH), 5.17 (s, 4H, Bn Ch), 6.22 (d, 1HJ = 6.9 Hz, HOPO
CH), 7.25-7.39 (m, 22H, Ar H), 7.46 (d, 1H] = 6.8 Hz, HOPO
CH), 8.14 (br s, 2H, HOPO NH), 8.18 (br s, 1H, TAM NH), 8.37
(br's, 1H, TAM NH) ppm. Anal. Calcd (Found) foregH;oNgO;*
2H,0: C, 64.46 (64.45); H, 6.46 (6.45); N, 9.70 (9.45). FAB-MS
(+), mz 1119.7 [M+ H]*.

TREN-bis(1-Me-HOPO)-(TAM-PEG-NH ;) (49). Compound
43 (0.83 g, 0.74 mmol) was dissolved in AcOH (10 mL) and
concentrated HCI (10 mL) and stirred for 3 days. The solvents were
removed, and the residual solid was dissolved in MeOH (2 mL),

h. The reaction was filtered, and the solvent was removed underH,O (10 mL), and concentrated HCI (5 mL) for 10 h. The solvent

reduced pressure. The remaining residue was converted tothe ClI
salt by dissolving in MeOH (10 mL) and one drop of concentrated
HCI, and the solvent was removea ). The residue was then
dissolved in MeOH (10 mL), and the solvent was evaporate?) (
The remaining residue was taken up in MeOH (2 mL) and added
to a rapidly stirring solution of EO (200 mL) to afford a white
precipitate which was filtered and dried under vacuum (yield: 0.324
g, 79%).1H NMR (de-DMSO, 300 MHz): 6 = 2.79 (d, 3H, CH),

3.46 (m, 6H, TREN CH), 3.72 (m, 6H, TREN CH), 5.27 (s, 4H,

Bn CH,), 6.36 (s, 2H, HOPO CH), 7.047.32 (m, 12H, Ar H),
8.68 (br s, 2H, NH), 8.90 (br s, 1H, NH), 9.11 (br s, 1H, NH)
ppm. Anal. Calcd (Found) for £gH47N;O,0rHCI-3H,O: C, 56.61
(56.60); H, 5.97 (5.89); N, 10.75 (10.46). FAB-MS). m/z 822

[M + H]*.

Gd-TREN-bis(1-Bn-6-Me-HOPO)-(TAM-Me) (3). Excess
pyridine was added to a solution of Gd@®&H,O (0.040 g, 0.109
mmol) and compound4 (0.100 g, 0.114 mmol) in kO (10 mL).
The resulting pale yellow solution was heated under reflux for 2 h,
during which time a cream-colored precipitate developed. The
solvent was removed, and the residue was suspende&r@H,
sonicated, and filtered three times. The resulting light brown solid
was dried under vacuum (yield: 0.114 g, 95%). Anal. Calcd (Found)
for H3'2Hgo, C43H51N7012Gd‘2H20: C, 49.32 (4895), H, 4.90
(4.90); N, 9.36 (8.91). FAB-MS~): m/z 975.2 [M]".

TREN-bis(1-Me-HOPO-Bn)-(Bn,-TAM-thiaz) (37). Com-
pound 33 was synthesized fror29 and TREN as reported. A
solution 0f33(3.00 g, 4.77 mmol) in CkCl, (150 mL) was added
dropwise to a solution of9 (20.77 g, 47.7 mmol) in CkCI, (250
mL) over a period of 1 h. The resulting solution was then stirred
for a furthe 8 h before purification (twice) by silica column
chromatography (eluent: GBI, with increasing gradient of MeOH

was removed under reduced pressure, the residue was dissolved in
MeOH (10 mL), and the solvent was evaporated. This procedure
was repeated six times, with the additioh6oM HCI (2 drops) to

the first three solutions. The final residue was dissolved in MeOH
(3 mL) and added to a rapidly stirring solution of,&t(150 mL)

to afford a white powder, which was filtered and dried under
vacuum (yield: 0.48 g, 73%)H NMR (de-DMSO/D,O, 500
MHz): 6 = 3.43-3.63 (m, integral obscured by,B band, TREN

and PEG CH), 6.35 (d,J = 7.4 Hz, 2H, HOPO CH), 7.06 (d,=

7.4 Hz, 2H, HOPO CH), 7.24 (d, 1H, TAM CH), 7.27 (d, 1H, TAM
CH) ppm. Anal. Calcd (Found) for £&H46NgO12:2HCI-3H,O: C,
46.11 (46.48); H, 6.14 (6.16); N, 12.65 (12.21). FAB-MS)(

m/z. 759 [M + H]*.

Gd-TREN-bis(1-Me-HOPO)-(TAM-PEG-NH ;) (10). Imida-
zole (0.058 g, 0.85 mmol) was added to a solution of G&BE,O
(0.060 g, 0.16 mmol) and compoudd (0.150 g, 0.169 mmol) in
H,0 (10 mL). The resulting pale yellow solution was heated under
reflux for 2 h. The solvent was removed to yield a yellow residue
which was suspended isPrOH, sonicated, and filtered three times.
The resulting light brown solid was dried under vacuum (yield:
0.117 g, 73%). Anal. Calcd (Found) fai0, C34H47NgO14Gd: C,
43.03 (42.87); H, 4.99 (4.61); N, 11.81 (11.63). FAB-MS$)(
m/z 913.2 [M+ H]*.

Water Proton Relaxivity Measurements.The water proton Ti
longitudinal relaxation rates were measured with a Stelar Spinmaster
Spectrometer (Mede, Pv, Italy) on 68:1.0 mM agueous solutions
of the complexes, at 20 MHz and 26. H spin—Ilattice relaxation
times T,'s were acquired by the standard inversioBcovery
method with typical 90 pulse width of 3.5 ms, 16 experiments of
4 scans. The reproducibility of th@, data was+1%. The
temperature was controlled with a Stelar VTC-91 air-flow heater

from 0 to 4%). The solvents were removed under reduced pressureequipped with a copperconstantan thermocouple (uncertainty of

to afford a yellow foam (yield: 3.56 g, 68%)H NMR (CDCl;,
500 MHz): 6 = 2.29 (m, 6H, TREN CH), 2.93 (t,J = 7.3 Hz,
2H, thiaz CH), 3.12 (m, 6H, TREN CH), 3.57 (s, 6H, CH), 4.38
(t, J= 7.3 Hz, 2H, thiaz Ch), 5.06 (s, 2H, TAM Bn CH), 5.11
(s, 2H, TAM Bn CH), 5.30 (s, 4H, HOPO Bn C§), 6.65 (d,J =
7.2 Hz, 2H, HOPO CH), 7.08 (d] = 7.2 Hz, 2H, HOPG-H),
7.18 (d,J = 8.2 Hz, 1H, TAM CH), 7.22-7.41 (m, 20H, Ar H),
7.78 (d,J = 8.2 Hz, 1H, TAM CH), 7.82 (t, 2H, HOPO amide
NH) ppm. Anal. Calcd (Found) for 4HsgN;O10S,: C, 65.00
(64.68); H, 5.45 (5.30); N, 8.99 (8.73). FAB-MS), m/z. 1090.5
[M + H]*.
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+0.1°C). The 1T; nuclear magnetic relaxation dispersion profiles
of water protons were measured over a continuum of magnetic field
strength from 0.00024 to 0.28 T (corresponding to 6:02 MHz
proton Larmor frequency) on a fast field-cycling Stelar Spinmaster
FFC relaxometer. The relaxometer operates under complete com-
puter control with an absolute uncertainty in th& Malues of+1%.
Additional data points at 20 and 90 MHz were recorded on the
Stelar Spinmaster and on JEOL EX-90 spectrometers, respectively.
The concentration of the solutions used was in the range DA

mM. For the complexes whose solubility was lower than 0.1 mM
at 25°C (3 and 10), no attempts were made to analyze the data.
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Scheme 1. Synthesis of PEG Monoamine and TAM-Conjugated Intermediate

4P

12, R=OMe, n =10 14R=0Me,n=10 ' '
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The characterization of the binding parameters of thé*Gd Scheme 2. Synthesis of Thiazolide-Activated Benzylated 6-Me-3,2-
complexes (GdL) to human serum albumin (HSA) was carried out HOPO

by a relaxometric method. In a typical titration experiment, several o STS
(8—10) aqueous solutions of the paramagnetic complex+0.2 Oy Ot ° OE;BW ° OZBW oBR,
mM) were prepared containing different concentrations of HSA /&OH — /& — /& — [
(0—1.8 mM), and the water proton relaxation rate of each solution §o° BRy BuR, Bk,
was measured at Z&. The pH of the solutions (pH 7.0+ 0.2) 22.R, = H 24, Ry =H 26, Ry = H
was controlled before and after each measurement. The observed = 23,R; = OMe 25,Ry = OMe 27,Ry = OMe

relaxation rate is given by the sum of three contributfons
activated TAM (L9, 20). In order to ensure that the complex
Riops= 1p [GL] + 1 [GAL—HSA] + Ry @ is soluble in water, PEG was conjugated to the TAM moiety
(Scheme 1). The synthesis of the PEG monoamines follows
general synthetic protocols starting from the alcoid| (2).
Halogenation of the alcohol with thionyl chloride to form
the corresponding halidd 3, 14) is followed by conversion
GdL + HSA < GdL—HSA to the phthalimide 15, 16). Reduction of the phthalimide
it is possible to obtain the association constipt(actually the (15, 16) with hydrazine produces the amine, Wh'Ch is then
productKa+n, wheren is the number of independent and equivalent conv'erted. to the ,HCI salt(, 18). .The TAM moiety can be
sites characterized by the saidg value) andr;,> by combining functionalized with the PEG either prior to (route 1) or

whererf andrP are the relaxivity of the free complex and of the
paramagnetic macromolecular (GEHSA) adduct, respectively,
andRyq is the diamagnetic contribution. For the equilibrium

eq 1 with the expression for the association consiant following (route 2) connection with the TREN backbone
(Scheme 3). The former route (route 1) was used in the
K = [GAL—HSAJ/([GAL][HSA]) @) synthesis oft and7; here, the coupling of PEG monoamine

In the absence of more detailed information, in the data analysis (18) with tgl_s-actlvated TAM9) .(-synthg5|ze(.:l a.s preV|ou§Iy
we have assumed the presence of one equivalent bindingsite ( reported) involves a SlOW_ addition, high d'“%“on reaction
1). HSA (crystallized and lyophilized) was purchased from Sigma I @n excess of19 to yield the monoactivated TAM

(St. Louis, MO.) and was used without any further purification. intermediate 20).

The molecular weight was assumed to be 69 kDa. The synthesis of the 6-Me-3,2-HOPO est2L)((previ-

VT 170 Relaxation Measurements Variable-temperaturé’o ously reported? allows for substitution on the HOPO
NMR data were recorded on JEOL EX-90 (2.12 T, 12.2 MHz) and nitrogen, thereby facilitating derivatization of the HOPO ring
Bruker Avance-600 (14.09 T, 81.3 MHz) spectrometers, using 5 (Scheme 2). The synthesis of this isomer of the parent 1-Me-
mm probes and standard temperature control units. Experimental3,2_HOPO is preferable to previous 3,2-HOPO syntHédés
settings were as follows: flip angle of 90acquisition dme 10 because the HOPO nitrogen remains available for further

ms, 1206-2400 scans, and no sample spinning. Aqueous solutions L . . . -
of the paramagnetic complexes (pH7) containing 2.6% o0 substitution. Under highly basic reaction conditions, the

isotope (Yeda, Israel) were used. In the case of the measuremen?ubSt'tUtIon of benzyl (Bn)_ an@-methoxybe.nzyl (MQB)
of the 170 data for the complexes in the presence of HSA, a highly 9roups onto the HOPO nitrogen are possible, giving the
70-enriched water (20%, Cambridge Isotope Laboratories, Inc., doubly protected intermediate&2 23). Saponification of
Andover, MA) was utilized. The observed transverse relaxation rates the ester22, 23) is followed by thiazolide-activation of the
(Ry’s) were calculated from the signal width at half-height. acid (4, 25) to form the key activated intermediat@§ and
27.
The synthesis of the Gd complexes follows general
Synthesis.The synthesis of the hetero-tripodal ligands synthetic protocols for HOPO-TAM amide couplings, depro-
features the amide coupling of three key intermediates: tection, and complexatiol¥, ?° as illustrated in Scheme 3.
TREN, thiazolide-activated HOPQ§—29), and thiazolide- The synthesis of GA[TREN-bis(6-Me-3,2-HOPO-Bn)-(TAM-

Results and Discussion
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Scheme 3.
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Synthesis of Ligands and Complexes
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36,Ry=Me,Ry=H,Rg=H

oW
Oy NH HN.__O
OBn RanOﬁ
0Bn o yl Ry
&) /w Rz 2
s

37,Ry=H,Ry=Me, Ry=H

Route 1\20

K\N
NH HN._O o,
OH HO._/
| D
H 07 N7 TRy
TH R 2 o
Rs

44, R1=Me, R =Bn, R4 = Me

45, R; = Me, Ry = Bn, Ry = (CH,CH,0)11Me

46, R; = Me, Ry = BnOMe, Ry = (CH,CH,0)11Me
47,Rq = Me, Ry = H, Rg = (CH,CH,0)3Et

48, R = Me, Ry = H, Rg = (CH,CH20)11Me

49, Ry = H, Ry = Me, Rg = (CHCH20),CH,CHoNH,

Route 2

K\N
NH HN__O

OBn Rgenoﬁ

J
'OBn 07 °N” "Ry
R

NH 2 2
Ry

38, Ry=Me, Ry =Bn,R3=H, Rg= Me

39, Ry = Me, Ry = Bn, Rg = H, Rq = (CH,CH,0)11Me

40, Ry = Me, Ry = BnOMe, R3 = OMe, R4 = (CHCH,0)1Me
41, Ry = Me, Ry = H, R3 = H, Ry = (CH,CH,0)3Et

42, Ry = Me, Ry = H, Rg = H, Ry = (CHzCH;0);1Me

43,R; = H, Ry = Me, Rg = H, Ry = (CH,CH20),CH,CHyNH,

PP

3,R1=Me, R;=Bn,Rg = Me

4, Ry = Me, Ry = Bn, Rg = (CH,CH,0)11Me

5, Ry = Me, R; = BnOMe, R4 = (CHzCH,0)11Me

6, Ry = Me, Ry = H, Ry = (CHoCH,0)3Et

7, Ry = Me, Ry = H, Ry = (CH,CH,0)11Me

10, Ry = H, Ry = Me, Ry = (CH2CH0),CH2CHoNH,

Table 1. Best Fitting Parameters Determined by Analysis@ NMR2 and NMRD Profiles at 25°C and pH 7.0

3 4 5 6 7 8 9 10
r1p(MM~1s1) 10.4 8.8 9.2 8.9 7.7 9.1 9.1 9.9
7.,21(ps) 22+ 3 26+2 24+ 2 20+ 3 24+ 3 2342
AH,! (kd/mol) 8+3 542 8+4 542 8+3 742
8 (pS) 268+ 8 243+ 10 160+ 8 300+ 10 349+ 15 370+ 13
AZef(1019572) 71405 8.1+ 0.8 9.0+ 2.0 9.5+ 1.2 8.6+ 0.7 9.2+ 05
ke (107 s71) 11.1+1.3 45+04 5.3+ 0.6 7.7£08 5.3+0.3 3.24£0.2
AHy' (kJ/mol) 24+ 2 2243 26+ 1 2042 20+ 2 18+ 3
qef 2 1 1 2 1 1 1
re (A) 2.98+0.02 3.004 0.05 3.104+ 0.02 3.0240.03 3.054+ 0.05 3.104 0.03

aFor the hyperfine coupling constamt/i, a value of—3.8 rad s* was utilized.P For the parameter® (relative diffusion coefficient) and (distance of
closest approach of outer-sphere water molecules to the paramagnetic metal ion), the standard valugsléf2 @# s~ and 3.8 A were used, respectively.
¢ Data for compound 6 are taken from ref F5The solubility of the complex is too low for accurate measurementS@fNMR and NMRD profiles.
eNMRD. f 170 NMR.

PEG550)] 4) is described as an example of the procedure Despite significant differences in their molecular weights,
used to synthesizg—7 and10; the synthesis 08 and9 was the relaxivity values of the complexes are rather similar<7.7
reported previoush? The bis-substituted TREN intermediate  10.4 mM~t s7%). Typically, under these experimental condi-
(30) is produced by a slow addition, high dilution reaction tions the relaxivity of low molecular weight Gd chelates
involving stoichiometric amounts dt6 and TREN. Com- (with an identical number of bound water moleculggjs
pound30 is then coupled to the thiazolide-activated TAM- primarily determined by their rotational dynamics in terms
PEG intermediate20) to yield the protected ligand3g), of the correlation time1g). Therefore, a linear dependence
route 1 amide coupling. In route 2 amide coupling, the of ry, on the molecular weight is often foud@Deviations
TREN-bisHOPO amine intermediat&Q) is coupled with  from this behavior may arise from the occurrence of (i) slow
the bis-activated TAM intermediatel9) to form the thi- exchange of the coordinated water molecule(s) which
azolide-activated ligand3@). Compound34 can then be decreases the efficiency of the transfer of the paramagnetic
coupled with18 to form the protected ligand3@). Depro-  effect from the metal ion to the bulk solvent, (i) the presence
tection (removal of the Bn groups) to form the protonated of internal local motions superimposed on the global

ligand @45) occurs under acidic conditions. The syntheses reorientation of the complex, or (iii) a change of the hydration
of ligands44—46 are made possible by the fact that the N-Bn  numberq among the complexes.

and N-MOB groups (the primary protein binders) areé not  the narent complex?j has a fast rate of water exchange
cleaved under the deprotection conditions; hence, the HOPO(keX = 1.3 x 10 s79),Bwhich is characteristic of the HOPO
protecting group serves a dual role. Complexatiod®fo
form 4 is performed with GdGlin the presence of a base.
Relaxivity Studies. The *H relaxivity, rip, of 3—10 was
measured at 20 MHz and 2& and is reported in Table 1.

series of Gd(lll) complexes. Therefore, a limiting effect of
kex ON r1p can be safely excluded. On the other hand, these
complexes (other thar8) have PEG chains which are
probably endowed with a large internal motion not synchro-
nous with the global motion of the Gdcoordination site;
thus, the relaxivity does not linearly increase with molecular

(20) Cohen, S. M.; O'Sullivan, B.; Raymond, K. Worg. Chem.200Q
39, 4339-4346.
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Figure 2. 1/T; proton nuclear magnetic relaxation dispersion (NMRD) Figure 3. Temperature dependence of the paramagnetic contribuRign (
profiles for complexeg} (®), 5 (M), and7 (O) at 25°C and pH= 7.2. to the transversE'O water relaxation rate of aqueous solutions of complexes

4(9.9 mM; @), 5 (6.6 mMM; A) and7 (8.8 mM; M) at 2.1 T and pH= 7.2.

weight. On the basis of previous results, a change in the . ] o
number of inner-sphere water moleculesfor 3—10 must obtained with unrealistic values of the str_ut_:tural parameter
be considered'® Moreover, the different nature of the TR (and/orr) and of the parameters describing the electron
substituents may influence the hydrophobic and hydrophilic fél@xation, A? and zv (see Supporting Information). This
regions of the complexes, thus affecting the number, result is in agreement with previous results on com;ﬁlé’*)f
distribution, and lifetime of the water molecules in the outer and with recent data for macrocyclic complexes function-
hydration sphere with consequent effects on the relaxivity. &lized with PEG chain&’ Although we cannot exclude the
Finally, water molecules in the second hydration sphere may °ccurrence of an effective fractionalvalue arising from a
also play some rolé r_nlxture of coordination isomers with= 2 (low conc.entr.a-.

NMRD Profiles. Nuclear magnetic relaxation dispersion tion) andq = 1 (predominant), we assume for simplicity
(NMRD) profiles can be used to determine the values of the that these complexes are monoaquo species.
parameters that contribute to the relaxivity of a3Gd Variable-Temperature 'O NMR. The water exchange
complex. The experiment involves measuring the magnetic 'ate e, a crucial parameter for the evaluation of the
field strength (Larmor frequency) dependence of the water efficacy _of a contrast agent, can be independently obtained
proton longitudinal relaxation rate in the presence of the*Gd by @ variable-temperature (VFJO NMR measurement of
complex. Figure 2 shows the NMRD profiles féy 5, and the water nuclear transverse relaxation r&g.{* The VT
7, which are similar to NMRD profiles of similar complexes 'O NMR curves for complexes, 5, and7 are shown in
of the HOPO-TAM serie4718 The solubilities of3 and 10 Figure 3 while that of6 was previously reportetf. Com-
were too low 0.1 mM) for accurate NMRD measurement. Plexes3 and 10 were not sufficiently soluble fof’O NMR
The data were fitted to the routinely used model of inner- Studies. The data were recorded at 2.1 T (90 MHz for the

and outer-sphere components of the relaxivity (see Support-Proton and 12 MHz fof’0) and pH~ 7. The curves were

ing Information)6 As previously observed f@, this model analyzed in terms of the well-established equations of Swift
is not adequate when a sizable contribution from the water COnnick, rearranged in a form suitable for &d° The shape

expected! From the NMRD analyses (Table 1), it appears COMplexess, 8, and9 and is typical of systems in the fast
that the electronic parameters are rather similar to those€Xchange regim¢:'"*Under these conditions, the band-
previously found for the parent complexes: this implies that Width is largely controllled by the electron relaxation
the coordination geometry is very similar, as expected. The Parameters. The evaluation of the water exchange rate

S

differences in the Gewater proton distance, are small ~ €nhanced by a careful comparison of #i@ data with the
and very likely not significant. In fact, this parameter is not NMRD profile (from the analysis of both experiments the
directly obtained from the analysis as only the ratjdr® same set of values for the electronic parameters must be

can be estimated. Moreover, the actual value depends ~ ©btained) and by measurif data at two magnetic fieldS.

on how accurately the inner-sphere contribution of the For all the complexes, an excellent fit of the experimental
relaxivity is evaluated. Recently, thevalue for the G8 data was obtained with the parameters shown in Table 1.
aquoion and for a Series of four Commercia| 3G,based For G(er, the electronic relaxation rate is USUa”y ascribed
contrast agents was determined using the pulsed ENDOR!O @ transient zero field splitting (ZFS) brought about by
technique and was found to be essentially the same-(B11 solvent collisions or molecular vibrations; is a correlation

A) for all five complexes? Thus, the most important factors ~ time for the modulation of this ZFS, and” is the mean
accounting for the different relaxivities of the complexes are square of the ZFS energy. There is a certain covariance of
the parametersg andg. A single water molecule is likely ~ Kex With 7v or A% and so, by imposing different starting
to be present in the inner coordination sphere of complexes

(23) Botta, M.; Quici, S.; Pozzi, G.; Marzanni, G.; Pagliarin, R.; Barra, S.;

4-5 and 7-9: by imposingq = 2, a reasonable fit is Geninatti: Crich, SOrg. Biomol. Chem2004 2, 570-577.
(24) Aime, S.; Botta, M.; Fasano, M.; Crich, S. G.; Terreno,deord.
(21) Botta, M.Eur. J. Inorg. Chem200Q 399-407. Chem. Re. 1999 185-6, 321-333.
(22) Caravan, P.; Astashkin, A. V.; Raitsimring, A. Morg. Chem2003 (25) Sunderland, C. J.; Botta, M.; Aime, S.; Raymond, Kimbrg. Chem.
42, 3972-3974. 2001, 40, 6746-6756.
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Table 2. Binding Parameters and Relaxivities Measured with HSA at@520 MHz, and pH 7.9

3 4 5 6 7 8 9 10
Ka (M™1) 8640+ 2000 15104+ 300 1800+ 200 2900+ 540 690+ 100 731+ 39 186+ 50 3040+ 210
ri (mM=—1s?) 15.44+0.3 19.3£ 0.9 15.7£0.3 20+ 1 19.8+1 17 74+ 14 24.6£ 0.5

aData for compound® are taken from ref 18.

is of minor influence on protein interactions. Compl&&

has an albumin affinity very similar to that 6f the major
structural difference (other than isomerism) between these
3 1 two complexes is that Ris an ethoxy group ir6 and a
primary amine inl0. The amine is protonated at neutral pH;

2] 1 hence10is zwitterionic, while6 remains anionic. The lack
of a difference in protein binding strength between the neutral
13 1 and anionic complexes indicates that chelate charge does not

play a major role in the protein interaction.

[HSA] (M) The PRE study indicates that the relaxivities of the HSA
Figure 4. The water proton longitudinal relaxation rate of a solution of adducts of complexe3—-8 and10are 15-29 mM™* s, at
complexes3 (0.06 mM),4 (0.09 mM),7 (0.17 mM), and10 (0.014 mM) 20 MHz and 25°C (Table 2). In all cases, the bound
as a function of HSA concentration at 20 MHz, 25 and pH= 7.0. re|a_xivity (rlpb) is h|gher than that of the free Comp|mi£
values to the electronic parameters it is possible to obtain abut is significantly lower than anticipated. The relaxivities
different estimate ok.,.. However, only with the values of ~ are also significantly lower than that of the HSA adduct of
the electronic parameters reported in Table 1 is it possible 9.18
to fit both the NMRD and”’O profiles, and thus, the rather ~ NMRD of HSA Adducts. NMRD profiles of the HSA
narrow range of the water exchange rates obtaikgd= adducts of4 and5 were obtained (Figure 5). The loryy’
0.45-1.1x 1(®s 1) can be considered reliable. These results Values at 20 MHz (from the PRE titrations) were confirmed
represent further confirmation of the fact that all the by the NMRD profiles which closely resemble that measured
complexes are octacoordinate and the water exchange proceg®r the adduct with BSA of GADOTP, a complex with=
occurs through a common associative mechanism involving 0.2 This result strongly suggests the formation of ternary
a low energy nonacoordinate intermediate, as recently provencomplexes involving the displacement of the coordinated

3
4
7

IS
2 RX )

1

=5

R‘obs (5-1)

00000 00005 00010 00015  0.0020

for complex6.15 water molecule(s) by the protethThe shape of the profiles
Relaxometric Ana|ysis of HSA Interactions. Proton at hlgher field strength indicates a dependence of the proton
Relaxation Enhancement (PRE) Titrations. The nonco- relaxivity on the rotational dynamics of the metal chelates.

valent interaction between HSA and the’Gdomplexeswas ~ This has been previously observed and attributed to a
investigated using the well-established proton relaxation contribution from (i) the exchange of the mobile protons of
enhancement (PRE) metffothat allows both the binding  the protein located in the proximity of the binding site and
parameters {x's) and the relaxivity enhancement of the dipolarly relaxed by the paramagnetic metal ion; (ii) second-
(GP* complex)-HSA adduct to be determined. In this Sphere water molecules whose rotational mobility is markedly
method, the water proton longitudinal relaxation rateg) ( reduced in the ternary complexés.

of solutions containing the Gd complex and increasing In order to probe the source of the low relaxation observed,
concentrations of the serum protein are measured. The resultseveral key experiments were performed. The first set of key
of the PRE study (at 20 MHz and 2&) of complexe8—8 experiments involved relaxivity competition titrations of the

and 10 with HSA are shown in Figure 4 and Table 2. complexes against acetate, lactate, malonate, citrate, and
Although HSA is not likely to possess a single specific Phosphate anions, to see if they displace the coordinated
binding site, we have assumed that the multiple binding siteswater molecule. Very low, insignificant interactions were
are characterized by identical affinity constant and relaxivity. observed, and there was no detectable formation of ternary
This may be a crude approximation, but it allows for an easy adducts under physiological conditions, as evident by the
comparison with similar data that have been previously very low association constants. This is not surprising as

reporteck '8 similar results were obtained for the titration of Gd-TREN-
The complexes analyze®{8 and 10) have moderate ~HOPY (HOPY = hydroxypyrimidinone analogue of the

affinities for HSA with Ka values of 0.7-8.6 x 10* M. parent 3,2-HOPO) with acetate, lactate, and malonate

Complex3 has the highest affinity for HSAK, = 8.6 x anions?®

10° M~Y), significantly greater than that @f (K = 1.5 x Variable-Temperature Relaxivity (Ry) of HSA Adducts.

10® M~Y). This indicates that the PEG chain has a negative An alternative explanation for the low,’ values could be
influence on protein interaction. Complex¢snd5 have a a dramatic decrease in the water exchange rate upon binding.
greater protein affinity thar?, indicating that the benzyl  In that case, the lovke value could markedly limit the
groups enhance the HSA interaction, as expected. The proteirz%) JY S ————— c o 6B Padiarin R
L. .. . ime, S.; Gianolio, E.; Terreno, E.; Giovenzana, G. B.; Pagliarin, R.;
affinities of complexes4 and 5 are very similar, and it Sisti, M.. Palmisano. G.: Botta. M.. Lowe, M. P.- Parker, D Biol.

appears that thp-methoxy group of the MOB substituent Inorg. Chem200Q 5, 488-497.
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Proton Larmor Frequency (MHz) Figure 7. Temperature dependence of the paramagnetic contribuRi9n (

to the transvers¥O water relaxation rate of aqueous solutions of complexes
4 (3.0 mM) and8 (4.0 mM) containing HSA (1.8 mM) at 2.1 T and pH

7.2. The open circles() represent the data of a diamagnetic solution of
the protein (1.8 mM).

Figure 5. 1/T; proton NMRD profiles of complexed (0.190 mM; v)
and5 (0.085 mM;®) in the presence of HSA (1.8 mM) at 2& and pH

= 7. The open circles®) represent the profile of a diamagnetic solution
of the protein (1.8 mM).
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Figure 6. Variable-temperaturéH relaxation rate of aqueous solutions
of complexess (0.12 mM;0O) and7 (0.12;®) containing HSA (1.8 mM),
measured at 20 MHz.

Figure 8. Plot of In Ka vs 1/T for complexes4 (®) and8 (O).

by luminescence decay kinetics. However, thé'gand Ti5*

increase of the relaxivity expected from the lengthening of chelates are nonluminescent.

7r (slow exchange conditiorty > Tiw).? This hypothesis Variable-Temperature PRE Titrations of HSA Ad-

was investigated by measuring the temperature dependencgucts. It is clear from the PRE studies at 26 that ligand

of thery’ relaxation rate of the Gd-compleXSA adducts  stryctural features influence the albumin association con-
at 20 MHz. Data were obtained for complexgsand 7 stants, the most visible effect being the negative influence
(Figure 6). The relaxation rate decreases with temperatureys the pEG chain. PEG is known to be resistant to protein
in the range €-45°C, indicative of either fast water exchange  54sorption, a phenomenon attributed to steric stabilization

or th‘? ong thte tshecond-.Tphebre Telaxa;ﬂor: ftom_ponent 'S effects and its molecular conformation in aqueous solifion.
operating. Due to the very low,” values, the latter1s more However, there are a few reports that indicate that PEG has

hkely.l | . . o a weak interaction with HSA%30 The thermodynamic
Variable-Temperature 'O NMR of HSA Adducts. The contributions to the binding interaction @f and 8 were

E?ird set of experiments involved variable-temperature (VT) evaluated by performing the PRE titrations (enabling the
o NMR measurement of the yvater nuclear transverse determination ofK,) over a temperature range. The van't
relaxation rateR,) of excesgl and8in the presencelof HSA. Hoff plots are shown in Figure 8, and analysis of the data
The O R, data (14.1 T, pH= 7) for three solutions are ives the following result:4, AH - 44.6 + 18.1 kJ/mol

5 g g h - . .

shown in Figure 7. Over the entire temperature range-27 = v ~
325 K, the addition of the paramagnetic complex to the @NdAS=206.0+62.3 J mol® K™% 8, fH__l 51.8+16.1
solution of the protein does not induce any significant KJ/mol andAS = 224.8+ 54.9 J mof* K™% The results

increase of the transverse relaxation rate. This unambiguouslyshow that the enthalpy of interaction is endothermic and that
indicates the absence of water molecules bound to gado_the albumin interactions are entropically driven. This result
linium whose scalart’0 relaxation is transmitted via s plausible and is consistent with that of a previous refort;
exchange to the bulk. Thus, the decrease of the hydration ofthe interaction of the PEG chains with HSA results in the
the complexes in the adducts with serum albumin, already release of water molecules from both the protein and the
observed in the case of other complek&saccounts forthe ~ PEG, resulting in a positive change in entropy.

limited relaxation enhancement observed. Verification of the
hydration numberd) of the E#" and T¥" analogues of
these Gé" complexes in the presence of HSA was attempted

(28) Poly(ethylene glycol) Chemistrydarris, J. M., Ed.; Plenum Press:
New York, 1992.

(29) Azegami, S.; Tsuboi, A.; Izumi, T.; Hirata, M.; Dubin, P. L.; Wang,
B.; Kokufata, E.Langmuir1999 15, 940-947.

(30) Cocke, D. L.; Wang, H.-J.; Chen,J.Chem. Soc., Chem. Commun.
1997 2331-2332.

(27) Aime, S.; Botta, M.; Fasano, M.; Terreno, &cc. Chem. Red.999
32, 941-949.
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Conclusions are entropically driven, indicating that the release of water
of hydration from the protein and the PEG chain plays a

The proton relaxation experiments indicate that the ) S ) i
major role in this process. In conclusion, the strategy of using

interaction of the G# complexes with HSA results in metal- : L in ord .
bound water displacement with a marginal increase in proton HOPO complexes with > 1 to target HSA in order to attain

relaxivity. This ligand displacement effect has been previ- higher felaxivities_ has to t_)e optimized. This might requ.ir.e
ously observed with Gd-DO3Ag(= 2) and its analogue, the design of a suitable rigid spacer between the recognition

as well as Gd-texaphyrim(= 3) 3! The increase in relaxivity synthon and the metal coordination site in order to avoid
in the presence of the protein can be attributed to second-the close contact with the surface of the protein and prevent

sphere water proton relaxation and/or prototropic effects. The Water displacement.
relaxivity of the HSA adducts of complex&s-8 and10is Acknowledgment. Support from the NIH (Grant
much lower than that of the HSA adduct®fThe following HL69832) and a research gift from Schering A.G. are
hypothesis is presented: due to the higher protein affinity gratefully acknowledged. S.A. and M.B. acknowledge sup-
of 3—8 and 10, the metal ion is much closer to the surface port from MIUR and CNR.
of the protein resulting in competition with carboxylate
groups for the Gd-bound water. However, due to the lower
protein affinity and the shielding of the &dcenter by the by assumingg = 1 andg = 2. NMRD profile of 8. Proton
very long PEG Cha'_n' the metal ion mls_further from the relaxivities as a function of magnetic field (expressed as proton
surface of the protein and therefore retains a water molecule.regonance frequencyyO paramagnetic transverse relaxation rates,
The increase in the rotational correlation time therefore and proton longitudinal relaxation rates as a function of HSA
results in a significant enhancement in relaxivity. concentration o# and5 at 25°C. Plot ofr;, of as a function of
The HOPO-appendaged aromatic groups appear to enhancelSA concentration fob, 6, and8. 1/T; proton NMRD profile of
protein affinity while the PEG groups generally appear to 7 in the presence of HSA. Variable-temperattiterelaxation rate

hinder HSA interaction. The chelat@albumin interactions  of aqueous solution of containing HSA. Synthetic details of
intermediates and complexds-7. This material is available free
(31) Geraldes, C. F. G.; Sherry, A. D.; Vallet, P.; Maton, F.; Muller, R.  of charge via the Internet at http://pubs.acs.org.

N.; Mody, T. D.; Hemmi, G.; Sessler, J. . Magn. Reson. Imaging
1995 5, 725-729. 1C048607U
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of the relaxometric data. NMRD profile &fand best fit parameters
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