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The amphiphilic gadolinium complex MS-325 ((trisodium-{ (2-(R)-[(4,4-diphenylcyclohexyl) phosphonooxymethyl]
diethylenetriaminepentaacetato) (aquo)gadolinium(lll)}) is a contrast agent for magnetic resonance angiography
(MRA). MS-325 consists of two slowly interconverting diastereoisomers, A and B (65:35 ratio), which can be
isolated at pH > 8.5 (Tyeklar, Z.; Dunham, S. U.; Midelfort, K.; Scott, D. M.; Sajiki, H.; Ong, K.; Lauffer, R. B.;
Caravan, P.; McMurry, T. J. Inorg. Chem. 2007, 46, 6621-6631). MS-325 binds to human serum albumin (HSA)
in plasma resulting in an extended plasma half-life, retention of the agent within the blood compartment, and an
increased relaxation rate of water protons in plasma. Under physiological conditions (37 °C, pH 7.4, phosphate
buffered saline (PBS), 4.5% HSA, 0.05 mM complex), there is no statistical difference in HSA affinity or relaxivity
between the two isomers (A 88.6 + 0.6% bound, n = 42.0 £ 1.0 mM~ s1 at 20 MHz; B 90.2 + 0.6% bound,
rn=2383+1.0mM1s1at 20 MHz; errors represent 1 standard deviation). At lower temperatures, isomer A has
a higher relaxivity than isomer B. The water exchange rates in the absence of HSA at 298 K, kx®® = 5.9 + 2.8
x 108571, kg?% = 3.2 £ 1.8 x 10° s7%, and heats of activation, AH¥*y = 56 + 8 kJ/mol, AH*s = 59 + 11 kJ/mol,
were determined by variable-temperature 17O NMR at 7.05 T. Proton nuclear magnetic relaxation dispersion (NMRD)
profiles were recorded over the frequency range of 0.01-50 MHz at 5, 15, 25, and 35 °C in a 4.5% HSA in PBS
solution for each isomer (0.1 mM). Differences in the relaxivity in HSA between the two isomers could be attributed
to the differing water exchange rates.

Introduction (1l1) complexes share the common feature of an octadentate
ligand and one inner-sphere water molecule. In clinical MRI,
water and fat are being imaged and contrast agents function
by shortening th&, of water protons wherever the complex
localizes. In al;-weighted MR image, water molecules with
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The use of contrast agents in clinical magnetic resonance
imaging (MRI) has become routine. The most widely used
contrast agents are gadolinium(lll) complexesThe Gd-

# New York Medical College. gadoquveset, trade name \_/asowst) approved insome
(1) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R.Ghem. Re. countries to assess blockages in artetfddS-325 functions
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Relaxivity of Albumin-Bound Diastereomers of MS-325

Chart 1. Complexes Used in This Study
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plasm&f’ Binding to HSA helps to keep the complex in the A diasteromersAR,Rand AR,S are observed because the
plasma compartment and extends the circulating time of the A configuration requires the large albumin binding moiety
complex resulting in better delineation of blood vessels and to occupy the energetically disfavored axial position on the
the ability to perform high-resolution imaging in multiple chelate ring. Thé\R,Sspecies was denoted isonfefelutes
body regions. In addition, binding to HSA serves to slow earlier, more prevalent), and teR,Rwas denoted isomer
the rotation of the complex. As the rotational diffusion rate B. The name “MS-325" refers to the sodium salt of the
of the complex becomes closer to the proton Larmor equilibrated isomer mixture. The purpose of this paper is to
frequency, the efficacy of MS-325 as a contrast agent determine if there is any difference in efficacy between the
increases. The efficiency of contrast agents is defined astwo isomers. To this end, we report HSA-binding studies at
relaxivity, r;, the degree to which a given concentration can various complex/protein ratios, probe displacement studies

change 1T, to identify the region on HSA where the isomers bind,
relaxivity studies as a function of field and temperature in

A(LT) the presence and absence of HSA, and variable-temperature

1= [Gd] @) "0 NMR studies to ascertain the water exchange rates at

the two isomers.

The relaxivity of MS-325 is enhanced up to 9-fold in HSA _ _
compared to MS-325 in buffer alone (without HSA). Experimental Section

I'n a companllon pgpént was dgmgnstrateo! that M$_325. Materials. The A (>97.5% isomerically pure) anfl (>99.2%
exists as a pair of |nterconyertlng ISOmMErs in a 1.8:1 ratio isomerically pure) isomers were isolated as described pre-
(Cha_rt 1). There are two chiral centers_ in th_e complex: the viously® NaJ[Gd(LO)] was prepared as describééiuman serum
methine carbon, 2, and the central amine nitrogen. MS-325 glpumin (HSA), product number A-1653 (Fraction V Powder
is synthesized from-serine resulting in aR configuration 96—99% albumin, containing fatty acids), HSA absorbance stan-
at carbon 2, but the central nitrogen can ad&br S dards, and the fluorescent probes, dansgsparagine (DNSA)
chirality. In addition, there are two possible wrapping isomers and dansylsarcosine piperidinium salt (DS), were purchased from
formed, whereby the ligand wraps about the ion in a right- Sigma Chemical Company (St. Louis, Mo.). Ultrafiltration units
(A) or left-handed 4) turn. This results in four possible (UFC3LCCOO, regenerated cellulose membrane of 5000 Dalton

diastereomersAR,R AR,S AR,R AR,S However, only the nominal molecular weight cutoff) were obtained from Millipore
Corporation, Bedford, MA. Other reagents were supplied by Aldrich
(4) Goyen, M.; Edelman, M.; Perreault, P.; O'Riordan, E.; Bertoni, H.; Chemical Co., Inc., and were used without further purification.
Taylor, J.; Siragusa, D.; Sharafuddin, M.; Mohler, E. R.; Breger, R.; Ultrafiltration Measurements of Binding. Solutions containing
g;gfléaE' K.; Shamsi, K.; Weisskoff, R. MRadiology2005 236 a clinically relevant concentration (0.05, 0.10, 0.50, and 1.2 mM)
(5) Rapp, 7 H.: Wolff, S. D.; Quinn, S. F.; Soto, J. A.; Meranze, S. G.: of Gd chelate and HSA (4.5% w/v) were prepared by addition of
ll\:/ICl)Jslgekr, SG gl?t?ffr’,f'kj%hnﬁﬁ’gﬁestgpé R(Jisdkéllélglr.ol\gl.(; I?Auelgr?clggrg; an appropriatg volume of MS-325 drug product, isodgor isomer
V.R.. Toombs, B. D.: Poliak. 3.+ Yucel E. K. Shamsi. K. Weisskoff, B stock solutl_on and PBS (such that the total added volume was
R. M. Radiology2005 236, 71-8. 144 ul) to a vial containing 500@L of 4.63% HSA, such that the
(6) Caravan, P.; Cloutier, N. J.; Greenfield, M. T.; McDermid, S. A.; resultant solution is 4.50% HSA. The solutions were mixed, and

Dunham, S. U,; Bulte, J. W. M.; Amedio, J. C., Jr.; Looby, R. J.; 10 aliquots (408L) of these samples were placed in 5 kDa
Supkowski, R. M.; Horrocks, W. D., Jr.; McMurry, T. J.; Lauffer, R.

B. J. Am, Chem. So2002, 124, 3152-3162. ultrafiltration units. Two additional 2xL aliquots were analyzed
(7) Lauffer, R. B.; Parmelee, D. J.; Dunham, S. U.; Ouellet, H. S.; Dolan, by ICP-MS to determine the total Gd concentration. The samples
R. P.; Witte, S.; McMurry, T. J.; Walovitch, R. GRadiology1998 were incubated at 37C for 10 min and then centrifuged at 5800
®) %32k?§$f3gﬂnham, S. U.: Midelfort, K. Scott, D. M.: Sajiki, H.: g for 3.5 min. The filtrgtes(«SOyL) from thesg ultrafiltration units
Ong, K. Lauffer, R. B.; Caravan, P.; McMurry, T. [horg. Chem. were used to determine the free concentration of complex in each
2007, 46, 6621-6631. of the samples by ICP-MS.
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Determination of Site-Specific Binding Constants.This was
done as described previouslysing a Perkin-Elmer HTS-7080 100 —
fluorescence plate reader. The affinities of the fluorescent probes
for albumin were as follows: D3y = 5.0uM, and DNSA Ky = § 80 —
14.0uM. Eight solutions containing [fluorescent protre][HSA] g
~ Kq and ranging from 0 to 400M MS-325 isomer were prepared, £ 60
and the fluorescence was measured in quadruplicate in 96-well 2
plates. The fluorescence of HSA in PBS was measured to determine S 40
the minimum fluorescent intensity. —f

The fractional drop in fluorescence at a particular isomer & 20 —
concentration was interpreted as a fractional displacement of the
bound fluorescent probe. The observed fluorescence was converted 0 -

2 46
1 10 100 1000
[MS-325] (uM)

Figure 1. Displacement of site Il probe dansylsarcosine from HSA by
isomersA (@) andB (O) of MS-325.

to a concentration of fluorescent probe bound to HSA, [RR]

The concentration of bound probe is also given by eq 2, where
KgPP is the apparent dissociation constant of the probe in the
presence of an isomer and is relatedKtpby eq 3.K; represents
the site specific dissociation constant for a given isomer. The

[FPlhouna measured from fluorescence was compared topGR] Table 1. Equilibrium Binding for MS-325 (fully Equilibrated Mixture),
calculated using eqs 2 and 3. The sum of squares of the differenced\, andB to 4.5% HSA at 37C in PBS
between the two was mi_nimized by iteratively varyidg _the initigl_ . total % bound
fluorescence £15%, this represented the scatter in the initial concentration (mM) equilibrated MS-325 % boundl % boundB
fluorescgpce and toolf int.o account any changes in sqlution 0.050 88.4 (0.6) 88.6 (0.6) 90.2(0.6)
composition upon adding isomer), and the fluorescence in the 0.10 86.9 (0.6) 87.2(0.7)  88.9(1.0)
absence of the probe, total displacemeh1%%). 0.50 76.7 (0.7) 77.0(1.5)  78.4(L.3)
1.20 60.9 (1.0) 61.7(1.2) 63.7(1.8)
HSAL + [FP]. + K 2PP) — a2 Numbers in parentheses represent 1 standard deviation.
t it d
_ \/([HSA]t + [FP]t + Kdapp)2 - 4[HSA]t[FP]t Table 2. Inhibition Constants for Isomera andB at 37°C in PBS for
[FPloouna= 2
bound 2 @) the Displacement of Dansylsarcosine (DS) or Dansylasparagine (DNSA)
from HSA?
a [MS-325] .,
KPP =Kyl 1+ — (3) sample Ki (uM) DS Ki (uM) DNSA
' isomerA 85 (20) 1700 (1100)
. o . isomerB 76 (17) 740 (185)
Relaxivity. Relaxivities were determined at 20 (0.47 T) and 64.5 equilibrated MS-325 85 (1) 1500 (300)

MHz (1.5 T) using a Bruker NMS 120 Minispec and a modified
Varian XL-300, respectivelyT; was measured with an inversion

recovery pulse sequence, and all samples were measured@t37 . . . .
The*H NMRD profiles (5, 15, 25, and 35C) were recorded on a binding is similar between both isomers. Isoniihas a

field cycling relaxometer at NY Medical College over the frequency t€ndency to higher affinity at all the concentrations studied;

range of 0.0+50 MHz. Twenty-two data point dispersions were however this is not a significant difference. The binding data

recorded at each temperature. Aliquots were taken after eachreported here are in excellent agreement with that reported

temperature measurement and analyzed by HPLC to ensure thaearlier for MS-325

there was minimal £5%) isomerization during the study. The ability of each isomer to displace site-specific
0 NMR. H,'70 transverse relaxation rates were determined flyorescent probes was also studied. Dansgbparagine

for a PBS buffer solution in the presence and absence of 11-45(DNSA) was used as a probe for binding site | on subdomain

mm isomerA or 13.12_rrm |sqmerB as a functlon_ of temperature lIA. Dansylsarcosine (DS) was used to probe the binding of

(~510/55°C) on & Varian Unity 300 NMR operating at 40.6 MHz. each isomer to binding site 1l on subdomain llIA. These

Probe temperatures were determined from ethylene glycol or probes fluoresce when bound to HSA. Isomeor B was

methanol chemical shift calibration curvés.was determined by . .
a CPMG pulse sequence. Aliquots were taken after each tempera’[uré@Iddecj to a solution containing a fluorescent probe, and the

measurement and analyzed by HPLC to ensure that there waschange in fluorescence was monitored. A decrease in

aNumbers in parentheses represent 1 standard deviation.

minimal (<5%) isomerization during the study. fluorescence was taken as displacement of the probe by the
) ) isomer. Both isomers significantly displace DS (Figure 1)
Results and Discussion but only weakly displace DNSA suggesting that the isomers

Albumin Binding. The binding of each isomer to HSA  bind to the same location on HSA, site Il. The inhibition
was studied at four concentrations by equilibrium ultracen- constantsK;, for probe displacement are given in Table 2.
trifugation. In addition to isomers andB, the equilibrated ~ The magnitude of the DS inhibition constant is in good
isomer mixture, MS-325, was also studied under the sameagreement with equilibrium binding studies. For instance, if

conditions. The binding data are summarized in Table 1. The One converts the; values into percent bound under the

conditions 0.050 mM isomer and 0.66 mM HSA, then one

(9) Caravan, P.; Cloutier, N. J.; Greenfield, M. T.; McDermid, S. A;;  arrives at 88.0 and 89.3% bound for isomésand B,
gﬂgﬂgx‘ékf’hm..Bﬁgﬁbgkswv'\’,l %W??.'Pmﬁmfr}’yj?.’ J'j.of_’;’gﬁe'f' Ff respectively. This suggests that at low concentrations of Gd

B. J. Am. Chem. So@002 124, 3152-62. complex, either isomer will be primarily bound to site Il.
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Figure 2. Effect of Gd:HSA ratio (0.67 mM HSA) on relaxivity for isomer
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Figure 3. Mean bound relaxivityf1y,, for isomersA (@, O) andB (H, O)
bound to HSA at 0.47 T&, ®) and 1.5 T O, 0O).
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Figure 4. Variable-temperature transverse relaxation of’8 in the
presence of isomeA (@) or B (A). At low temperatures, the system
approaches slow exchangeT&/~ kexy) and shows that water exchange is
faster at isomeA.

Relaxivity. Relaxivities were determined at two field
strengths (0.47 E 20 MHz and 1.5 T= 64 MHz). There
is a large body of relaxivity data at 0.47 T with which to

Table 3. Relaxivities in Phosphate Buffered Saline (PBS),°87at
Two Magnetic Field Strengths (Proton Frequendies)

rir(mM-1s1) rir(mM-1s1)
sample 20 MHz 64 MHz
equilibrated MS-325 6.84 (0.48) 5.47 (0.39)
isomerA 6.91 (0.49) 5.66 (0.40)
isomerB 6.86 (0.49) 5.73 (0.41)

aNumbers in parentheses represent 1 standard deviation.

relaxation rate versus concentration. Since MS-325 is only
moderately bound to albumin, the relative amounts of bound
and free complex will depend on the concentration, and hence
the observed relaxivity will be concentration dependent.
Multiple samples were prepared at a given concentration of
MS-325, isomerA, or isomerB (0.04, 0.15, 0.3, 0.5, and
1.2 mM) and a fixed concentration of HSA (4.5%, pH 7.4,
37°C). Relaxivities were calculated using eq 1 by subtracting
the relaxation rate of HSA from that of HSA complex
and dividing the result by concentration. The relaxivities are
plotted in Figure 2. As expected the observed relaxivity falls
off with increased concentration because the fraction bound
to albumin decreases. Isomés has a slightly higher
relaxivity than isomeB at all concentrations studied. The
equilibrated mixture of the two is intermediate.

The relative fraction of bound and free is known at each
concentration. The relaxivity in the absence of HSA was
determinedrs (see Table 3). The mean relaxivity resulting
from the bound fractionr,, can be calculated from eq 4
where R;°bs and R%? are the relaxation rates measured in
the presence and absence of MS-325

(R — R,™ — [MS-325] x ry))

"= [MS-325}, “)

The bound relaxivities for each isomer are summarized
in Figure 3. Two things are apparent from Figure 3: the
bound relaxivity forA is greater than the bound relaxivity
for B at all concentrations, and the bound relaxivity for each
isomer decreases slightly with increasing concentrations. The
decrease in bound relaxivity with increasing concentration
may be indicative of different binding sites having somewhat
different relaxivities. It appears that the weaker binding sites
are sites of lower relaxivity.

Water Exchange. It is known that for lanthanide com-
plexes of DOTA and its derivatives that there exist inter-
converting conformational isomers (capped square antiprism
and twisted capped square antiprisf)2 It was elegantly

compare, but 1.5 T is a more clinically relevant field strength Shown that the water exchange rates between these confor-

for MRI contrast agents. In the absence of albumin, the Mational isomers can vary by 2 orders of magnitifdé:
relaxivities are the same among the isomers and theBurai et al'’ recently reported water exchange rates for

equilibrated MS-325, Table 3. Typically relaxivities are diastereomers of [Gd(NFbz-DTPA)(HO)[*.

For this

determined by measuring the relaxation rate as a function DTPA derivative, the difference in water exchange rate was
of concentration and then taking the slope from a plot of only a factor of 2.

Inorganic Chemistry, Vol. 46, No. 16, 2007 6635
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The water exchange rate was directly probed by measuringTable 4. Water Exchange and Electronic Relaxation Parameters for

the transverse relaxation rates oftD water as a function

of temperature for each isomer. The data are plotted in Figure

4. For Gd(lll) complexes, where the paramagnetic chemical
shift of H,'’O is small, the reduced transverse relaxation rate
(1/T,y) of bulk H,'’O is given by eq 5

-2l

where T,a refers to the relaxation rate of the diamagnetic
reference and is the number of water molecules coordinated
to each gadolinium(lll) ion. At high temperaturesTi/~
1/Tom, while at low temperatures (slow exchange condition),
1Ty ~ 1t = kex. At the low-temperature extreme in Figure
4, it is clear that I, and, hencéy, is greater for isomeh
than forB.

The relaxation mechanism for Tf, is predominantly
scalar; 1T,y is a function ofT,e (the electronic relaxation
time of Gd(lll), denoted here ag ™ for “high field”), i,
and the hyperfine coupling constadth, between the Gd
ion and the oxygen nucleus, eq 6, whe3ds the spin
quantum number§ = 7/2) for Gd(lll).

[H,0l
qlGd]

1
T2

1
Tom+ T

(®)

1 1 ZM(A)ZT 1_1.1 (4
T2m Tzscalar 3 h s¢ TSC Tle T,
1y "BT &*_A_H*
Tm
kﬁfe’f o AH*( ] @
298.15 R |298.15 T
AE
L _ 1298exp[ ne(l 1 g] @®
T T R \T 298.1
le le

Values forA/h for oxygen coordinated to a lanthanide fall
in a narrow rangé? Merbach and co-worketshave shown
that A/h for water coordinated to Gd(lll) is typically-3.8
x 1CPrad/s, and this value was assumed here. The electroni
relaxation rate, I, andkex were assumed to have expo-
nential temperature dependence. Ti@relaxation rate data
were fit to four parametersk.,?°® (water exchange rate at

(10) Aime, S.; Botta, M.; Ermondi, Gnorg. Chem.1992 31, 4291-9.

(11) Desreux, J. Anorg. Chem.198Q 19, 1319-24.

(12) Hoeft, S.; Roth, KChem. Ber1993 126, 869-73.

(13) Jacques, V.; Desreux, J. IRorg. Chem.1994 33, 4048-53.

(14) Aime, S.; Barge, A.; Bruce, J. |.; Botta, M.; Howard, J. A. K.; Moloney,
J. M.; Parker, D.; de Sousa, A. S.; Woods, 3M.Am. Chem. Soc.
1999 121, 5762-5771.

(15) Dunand, F. A.; Aime, S.; Merbach, A. 5. Am. Chem. SoQ00Q
122 1506-1512.

(16) Woods, M.; Aime, S.; Botta, M.; Howard, J. A. K.; Moloney, J. M.;
Navet, M.; Parker, D.; Port, M.; Rousseaux, D.Am. Chem. Soc.
200Q 122 9781-9792.

(17) Burai, L.; Toth, E.; Sour, A.; Merbach, A. horg. Chem2005 44,
3561-3568.

(18) Peters, J. A.; Huskens, J.; Raber, DPdog. Nucl. Magn. Reson.
Spectrosc1996 28, 283—350.

(19) Powell, D. H.; Ni Dhubhghaill, O. M.; Pubanz, D.; Helm, L.; Lebedev,
Y. S.; Schlaepfer, W.; Merbach, A. H. Am. Chem. S0d.996 118
9333-9346.
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IsomersA andB in PBS in the Absence of Albumin (7.05)

isomerA isomerB
%8 (ns) 79 (37) 140 (74)
ke?%®(x1Ps ™) 5.9 (2.8) 3.2(1.8)
AH* (kJ mof?) 56 (8) 59 (11)
LT 298 ( x10°s7Y) 2.7(0.4) 2.7 (0.4)
AEr1e (kJ molt) —12.7 (2.3) —12.7 (2.3)

aNumbers in parentheses represent 1 standard deviation.

298 K), AH* (enthalpy of activation), T;¢% (electronic
relaxation rate at 298 K), antlEr;e (activation energy for
1/T1¢). The results are summarized in Table 4. Water
exchange is faster at isomArby about a factor of 2. The
activation activation enthalpies are very similar, implying
that the difference in water exchange is a difference in the
entropy of activation. The water exchanges rates are virtually
identical to those reported for the diastereomers of [GA(NH
bz-DTPA)(HO)]?.Y7

IH NMRD. The differences in water exchange rates imply
that the proton relaxivities of the two isomers in HSA
solution should be different and that this difference should
be greater at low temperatures, provided the water exchange
rates do not change when the complex is bound to albumin.
Relaxivity is the change in the relaxation rate of solvent water
protons normalized to metal ion concentration (in mM) and
expressed in units of mM s%. Relaxivity can be factored
into two components: inner sphere, resulting from relaxation
enhancement caused by the inner-sphere coordinated water
molecule exchanging with the bulk, and outer sphere, which
comprises the contributions of water molecules in the
second coordination sphere and diffusion of water near the
ion, eq 6

q/[H,0]
T mt Tm

_ . Is 0s _ os
r=r, +r ry

9)

Here,q is the number of inner-sphere water molecules(JH

is the water concentration in mM (typically 55 600 mM),
Tim is the relaxation time of the coordinated inner-sphere
Swater protons, and, is the lifetime of this water (the water
exchange ratekex = 1/tm). Inspection of eq 9 indicates that
slow water exchange will limit relaxivity provided, is
comparable to, or larger thahn,. Limitation of relaxivity

by slow water exchange should be most evident at low
temperatures becausg increases with decreasing temper-
ature, while Ty, typically decreases with temperature as
rotational diffusion slows. Provided thay, andr;°S are

the same for both isomers, one would expect relaxivity
differences between the isomers to be largest at low
temperatures, where the slow exchange limit is approached
(tm > Tam), and differences in water exchange rates dominate
observed relaxivity.

To further investigate this, NMRD profiles were recorded
at four temperatures (5, 15, 25, and 35) for isomerA,
isomerB, and [Gd(0)]* (Chart 1) in HSA solution. Studies
were carried out under conditions where the protein (0.67
mM) is in significant excess to the metal complex (0.085
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5 °C (bottom). from Table 5.

mM) to ensure that the complex is predominantly protein . .
" . . clearly shows that for this temperature range, the isomers

bound. Under these conditions, the fraction of isomer are approaching the slow exchange limit. As the temperature

isomer B, and [Gd(0)]*" bound to HSA was 88, 90, and pp 9 g . P

o _ . ... is lowered, the contribution to,°*from r,'S drops from 85

95%, respectively, and these numbers _dld not vary _S|gn|f| t0 53% for A and from 83 to 37% foB (20 MHz going

cantly over the temperature range studied. For the |somersfror_n 35 t0 5°C)

of MS-325, luminescence studies demonstrateddtratl 8 ' )

[Gd(LO)]*" is derived from the TTHA ligand and was shown 10 assess the effect of the inner-sphere water of the

to contain no inner-sphere water. isomers on relaxivity, it is assumed that the relaxivity of
We define 1" as observed relaxivity, which is the [Gd(LO)]* when bound to albumin represents the outer- and

aggregate relaxivity of free and protein-bound components second-sghere contributions to relaxivity & and B.

and is calculated by eq 1. Observed relaxivity is a useful [GA(LO)]*" has similar structure and charge (4- vs 3-pas

practical measure for the comparison of different compounds @"dB and binds to the same site on HSA. The inner-sphere

that may differ in fraction bound or in protein-bound relaxivity of eitherA or B is calculated by first calculating

relaxivity. The observed NMRD relaxivity dataf°s for the bound relaxivity (eq 4) at each frequency and then

0.085 mM Gd, 0.67 mM HSA) are shown in Figure 5 for Subtracting the bound relaxivity of [GHQ)I" at that

isomer A, isomerB, and [Gd(0)]*" at 5 and 35°C. At frequency. This results in the calculate® NMRD values

35 °C, the relaxivities of isomera andB are very similar ~ thatare plot-ted In Figure 6. _ _

at all frequencies, and these relaxivities are much greater The data in Figure 6 were modeled in three ways. First,

than those of [Gd(0)]*~, which has no inner-sphere water. 0nly higher-field data were considered;(= 4 MHz). Here

At 5 °C, the relaxivities of isomer& andB are much lower, it was assumed that the contribution to electronic relaxation
and the high-field peak has become flatter. The relaxivity from the static zero-field splitting (ZFS) was negligible and
of isomerA is now clearly greater than that of isom@r the data were fit to the SolomerBloembergerMorgan

While the relaxivities ofA andB decreased, the relaxivity ~€quationg??! At these proton frequencies, the contribution
of [Gd(LO)]*" is increased at low temperature, consistent with t0 relaxation dependent on the electronic Larmor frequency,
relaxation not limited by slow exchange. Since the fraction
bound of these three complexes is quite high, the difference(20) Bertini, I.; Luchinat, C.; Parigi, GAdv. Inorg. Chem2005 57, 105~
between the observed relaxivity of the isomers and [G}i(~ (21) KoWaIewski, J.; Kruk, D.; Parigi, GAdv. Inorg. Chem.2005 57,
is a good estimate of the inner-sphere relaxivity. Figure 5 41-104.
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ws, has dispersed, and the relaxation of the inner-sphere watefable 5. NMRD Parameters for Isotropic and Anisotropic Fits of the
is given by eq 10 r1'S Data for IsomersA andB at 5, 15, 25, and 35C When Bound to

Albumin
1 2[4 2y, 29.2u5°(S+ 1) 3, 10 isotropic fit anisotropic fit
Tym 15|47 Mo 1+ o’t? (10) isomerA  isomerB  isomerA  isomerB
) ¢ 7398 (ns) 5.0 4.6 4.9 4.9
ATAYS+ 1) — 4 AERg (kJ/mol) 26 26 8.5 8.5
1 _AMASSHD) 3 oo Tv (11) i (ns) 198 296 67 182
Tie 25 1+wlr? 1+4dwit,’ A%%%MD 3 3 %5 51
7,2% (ps
AE, (kJ/mol) 1.1 1.2 1.5 1.5
AEV 1 1 Ar(cm™h) 0.0147 0.0135 0.0128 0.0122
1 =7 3Bey] (_ _ _g (12) D (cmY) 0.024 0.024 0.024 0.024
Vo R \T 308.1 6 (deg) 37 41 50 51
F2 1 1 0.63 0.67
S 308e AER 1 3 1 (13) Trast (NS) NA NA <0.3 <0.3
ROR R \T 308.1 Estimated errors are-20%.

Here the correlation timeg., has contributions from the
electronic relaxation function and from rotational diffusion
(Llre = UTye + 1hgr), wy is the Larmor frequency of the
proton (rad/s)yw is the proton magnetogyric ratige is the
electronicg factor @ = 2 for Gd(lll)), us is the Bohr
magneton, anduo is the permittivity of vacuum. The
mechanism for electronic relaxation is believed to be transient
distortions resulting in zero-field splitting (ZFS) modulation
and has a field dependence described by eq 11 wheise

on the quality of the fit (the sum of squares of residuals was
reduced about 5-fold). For both isomers, a relatively large
order parameter was obtaineB?(= 0.63), and the fast
correlation time was too short to be determined< 100
ps).

For a more rigorous analysis, the model developed by the
Florence and Stockholm groups was u&e®.This model
can take into account the effect of both static and transient

the magnitude of this transient ZFgf,is a correlation time ZFS. on_re_la>_<at|on provu_jed that the _syst_em IS In the slow
motion limit (i.e., the rotational correlation time is larger than

for these distortions, ands is the Larmor frequency of the the electron relaxation time) and within the Redfield limit,

electron. It is assumed that the correlation times have as in the present caseln these cases it provides results in
exponential temperature dependencies (eqs 12 and 13). Thée b P

Gd—H distancefea, was fixed to 3.1 A as determined by glg:rse??i?::ovémézetgreonuerﬁ I;}Igw ;g&oegrez\mﬁft?ﬁg
an ENDOR study? The high-field peak in Figure 6 arises 9 b P 9

: . . : magnitude of the its axial component, and the an@le
because of the dispersion of the electronic relaxation rate. . )
: . L between the metal-water molecule direction and Ztais
As the field increases, T{. becomes slower resulting in

increased proton relaxation. At the peak of relaxivity, the of the ZFS frame. The variable-temperature relaxivity data

y > 2 L . for each isomer were fit to either an isotropic model (dashed
conditionwy®t® > 1 occurs, and relaxivity begins to decrease . . . L )
. . lines) or an anisotropic model (solid lines), and the fits are
with increasing proton frequency.

This simple model reproduced the data reasonably well gisplay.ed-in Figure 6. Aga_ir_1 althpugh the qua_lity of t.he
but it was clear that there were some systematic deviation’sISOtrOpIC fits was good, significant improvement in the high
from the observed data. For instance this model predictsﬁe'd region occurred after introduction of anisotropic motion.
35°C relaxivities that are too high at the highest fields used. The fitted parameters are I.|sted. in Table 5'. Thgre_are
The effect of anisotropic relaxation was then examined by sevgral notlable fegtures gontamed in Tgble 5. First, in either
modifying the spectral density term after Lipari and SZabo the isotropic or anisotropic model, the fitted parameters for

(eq 14) A andB are very similar within the model, with the exception
of the water exchange parameters. This indicates that the
1 2 [uo ZVH29e2ﬂ525(3+ 1) 3':2% differences in relaxation behavior can be solely attributed
T " 15| 6 > 3 to differences in water exchange rates. In both models,
im 7T r 1+ wyT ; P, ;
GdH H e electronic relaxation is relatively slow compared to values

3(1- F)r;

2 2
1+ oy

reported in the literature for similar GADTPA deriva-
tives1”1928The difference is in a much smaller value &f
(about 3-fold smaller here). This is a benefit in that the

wheret; is a correlation time that takes into account fast relaxivity is higher as a consequence of slower electronic
local motion (14 = 1/t + 1/r)) andr is a correlation time

innE2 i (24) Bertini, I.; Kowalewski, J.; Luchinat, C.; Nilsson, T.; Parigi, G.
for fast mgUon,F is an qrder pargmete;r (often gleno@d Chem. Phys1999 111, 5795-5807.

number) representing the degree of anisotrdgfy= 1 is an 4907-4917.

. . . PP : (26) Bertini, I.; Luchinat, C.; Parigi, GSolution NMR of Paramagnetic
isotropic system). This modification had a dramatic effect Molecules Elsevier: Amsterdam, 2001.

(27) Kowalewski, J.; Luchinat, C.; Nilsson, T.; Parigi, &.Phys. Chem.

(14)

(22) Caravan, P.; Astashkin, A. V.; Raitsimring, A. Morg. Chem2003 A 2002 106, 7376-7382.
42, 3972-3974. (28) Vander Elst, L.; Maton, F.; Laurent, S.; Seghi, F.; Chapelle, F.; Muller,
(23) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559. R. N. Magn. Reson. Medl997, 38, 604-614.
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relaxation. Similarly small\; values have also been obtained model. The estimate of the rotational correlation time that
for other Gd complexes when bound to protéiig or was obtained is in good agreement with our analysis, and
liposomes! There is no reason why, should become the water exchange rate was intermediate between the values
smaller when the complex associates with albumin. Indeed, obtained for each isomer using the isotropic model. Similar
a high-frequency EPR study of MS-325 in frozen solution data (0.1 mM MS-325, 22.5% HSA, 3T) 8 collected and
in the presence of absence of HSA showed no difference inanalyzed using the same model, provided again similar
crystal-field parameters when MS-325 was bound to HSA. electronic best fit parameters{ A, 7), in good agreement
This inconsistency probably arises from the use of ap- with our analysis. The rotational correlation time in the latter
proximate theories for the relaxivity of small complexes. In case was about the double of the value obtained in the former
fact, the estimates of the largAr values came from studies  case and in our fits. This is likely a consequence of the slower
on rapidly tumbling molecules, where the effect of the static motion caused by the increased viscosity as a result of the
ZFS is neglected. Actually, it has been shown that when the increased protein concentration (22.5 vs 4.5%). In all
fast rotational motion is included as source of modulation analyses, the rotational correlation time was always much
of static ZFS, smallA; values are always obtainé#. smaller than expected for a protein of the molecular size of
Furthermore, more thorough analyses of multifrequency EPRHSA. As was previously noted, this should be probably
and NMRD of [Gd(DTPA)(HO)]?>~ which take static ZFS  ascribed to some mobility freedom of the complex, which
into account show lower values o more in line with the is not fully immobilized on the surface of the protein, and
values reported hefé. which should be taken into account, together with the faster
In the isotropic model, the water exchange parameters aremotion on the picosecond time scale.
different than those obtained B{D relaxation in the absence The concentrated protein data (0.1 mM MS-325, 22.5%
of HSA. This model suggests that upon binding to HSA at HSA, 37 °C) were also analyzed using a model which
35 °C, the water exchange rate for each isomer slows downincludes a static ZFS modulated by the reorientation and a
(tm increases). However, the temperature dependence is alséransient ZFS modeled using an anisotropic pseudorotation
lower such that at 3C, the model suggests that the water model.The parameters obtained in that analysis (including
exchange ratespeeds upupon binding. It is difficult to the electron relaxation parametésandz,) are quite similar
conceive of a mechanism to explain this. On the other hand, to the parameters here calculated using the isotropic model.
the anisotropic model gives water exchange parameters very Finally, it is important to note that the conclusions of the
close to those obtained BYO NMR and suggests that there initial study still hold: the relaxivity increase in the presence
is no change in water exchange rates upon binding to of albumin is the result of a large increase in the rotational
albumin. correlation time, coupled with a favorable water exchange
Comparing other parameters, one sees that there is a smallate; there is also a contribution from second-sphere relax-
change in the electronic parametétsand 7, between the  ation.
two models. The static zero-field splittinD, is the same in

both models, as isg at 35°C. However the temperature
dependence ofr is significantly different. The diastereomers of MS-325 have very similar properties

In a pre\/ious pape?ﬁ the NMRD of the equi”brium with respect to their interaction with albumin. They bind with

mixture MS-325 was measured at 0.25 mM MS-325, 4% Similar affinity and to the same region on albumin. When
HSA, and 37°C. Such data were analyzed using the bound to albumin, the rotational dynamics and electronic

Solomon-BloembergerMorgan equations and an isotropic ~ Structure of the complexes are the same. The major difference
between the diastereomers is the water exchange rate. This

(29) Anelli, P. L.; Bertini, I.; Fragai, M.; Lattuada, L.; Luchinat, C.; Parigi,  differs by about a factor of 2 and impacts proton relaxation

(30) %iigﬁr'slv'\?of: gﬂg%ﬁg@ 625 030 . Kennedy, D.: Luchinat, 1N the albumin bound case when the temperature is lowered.

C.; Parigi, G.Magn. Reson. Medl999 41, 767-773. ~ At physiological temperature, water exchange is not as
(31) Alhaique, F.; Bertini, |.; Fragai, M.; Carafa, M.; Luchinat, C.; Parigi,  |imjting for relaxivity. The similar albumin-binding properties
G. Inorg. Chim. Acta2002 331, 151-157. = : Lo
(32) Raitsimring, A. M.; Astashkin, A. V.: Poluektov, O. G.; Caravan, P. and similar albumin-bound relaxivities at 3C suggest that

Conclusion

(33) /?(ppll(- I\Sagg- RelsorQSOEBJZSMZESl*%S- 12003 229-40 the efficacy of these interconverting diastereomers as MRI
rukK, D.; Kowalewskl, . Magn. rReso . .

(34) Rast, S.; Fries, P. H.; Belorizky, E. Chem. Phy200Q 113 8724 contrast agents is the same.
8735. : :

(35) Muller, R. N.; Radahel, B.; Laurent, S.; Platzek, J.. Piet, C.: .Acknowlgdgment. Thanks to Steve Witowski for as-
Mareski, P.; Vander Elst, LEur. J. Inorg. Chem1999 1949-1955. sistance with some of the HPLC analyses.
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