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The Gd"-based magnetic resonance imaging contrast agent MS-325 targets the blood protein serum albumin,
resulting in an increased efficacy (relaxivity) as a relaxation agent. MS-325 showed different relaxivities when
bound to serum albumin from different species, e.g., n = 30.5 mM~! s~ (rabbit) vs 46.3 mM~t s~ (human) at
35°Cand 0.47 T. To investigate the mechanism for this difference, surrogate complexes were prepared where the
Gd" ion was replaced by other Ln" ions. Fluorescence lifetime measurements of the Eu" analogue indicated that
the hydration number was g = 1 and did not change when bound to either human, rat, rabbit, pig, or dog serum
albumin. The Yb'" analogue, YbL1, was prepared and characterized by H NMR. Line-shape analysis of the
paramagnetic-shifted *H NMR resonances in the presence of increasing amounts of human (HSA) or rabbit (RSA)
serum albumin allowed estimation of the transverse relaxation rate, R, of these resonances for the protein-bound
YbL1. The rotational correlation time of YbL1 was calculated from R,, and the Yb—H distance and was 7 = 8
1 ns when bound to HSA and 13 £ 2 ns when bound to RSA. The water exchange rate at the Dy analogue,
DyL1, was determined from variable-temperature R, measurements at 9.4 T when DyL1 was bound to either HSA
or RSA. At 37 °C, water exchange at DyL1 was (31 + 5) x 10° s~ when bound to HSA but (3.8 £ 0.2) x 106 s~
when bound to RSA. Slower water exchange upon RSA binding explains the differences in relaxivity observed.
The approach of using surrogate lanthanides to identify specific molecular parameters influencing relaxivity is applicable
to other protein-targeted Gd" contrast agents.

Introduction potential in photodynamic therapy (Lu) for vascular disé&se
and cancéf and also as radiosensitizers (Gd) for cari¢ét.

The aqueous coordination chemistry of''Litomplexes ) . ) . .
has been actively studied over the last 20 years, driven largely | "€ Unique optical properties of lanthanides, notably terbium

by the medical applications of these ions. Complexes and europium, have resulted in many biophysical applications

containing S-emitting isotopes of lutetiurh, samariun,

promethium? or holmiunt have been used to target and (5) Krenning, E. P.; Teunissen, J. J.; Valkema, R.; deHerder, W. W.;

destroy cancers” Texaphyrin complexes have shown clig.(]f)ng, M.; Kwekkeboom, D. J. Endocrinol. Inest.2005 28, 146—
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such as time-resolved fluorescence as$aysi lanthanum

carbonate formulation has recently been approved for treating

hyperphosphataemia in patients with kidney failtw¥.Gad-
olinium complexes are widely used in radiology as contrast
agents for magnetic resonance imaging (MRI) séa#s.

Gadolinium complexes act as relaxation agents, reducing

theT; andT, of water protons and thereby generating contrast

in T;-weighted magnetic resonance images. The efficiency

of a given complex as a relaxation agent is termed relaxivity,

r;, and corresponds to the change in the relaxation rate

normalized to the concentration of gadolinium € A(1/
T,)/[Gd]). Higher relaxivity compared to those of existing

agents results in greater contrast or equivalent contrast at a

lower dose. Much effort has gone into making high-relaxivity
complexes in order to expand the applications of contrast-
enhanced MRF

Relaxivity depends on a number of factors: the applied
field (By), the hydration numberq], electronic relaxation
(T1e), the correlation time for rotational motiong), the rate
of water exchange at the metal idQ{(= 1/r,), the number
of waters in the second coordination sphef§ the residency
time (r,'), and the distance to the @don (r'caH).2° Despite
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Figure 1. Lanthanide (Ln) complexes used and discussed in this study.

this complexity, the relative importance of these parameters Binding to serum albumin restricts MS-325 to the blood

is becoming understood. Different magnetic resonance
techniques (NMR, EPR, ENDOR, and relaxometry) have

vessels, resulting in its use as a blood pool imaging ajéht.
Reversible protein binding also results in an increased

been used to provide an understanding of these gadoliniumcorrelation time, resulting in an increased relaxity? For

complexed? One of the key parametersiig, the correlation
time for rotational motior?!??2 For small molecules like the
[GA(DTPA)(H0)]>~ complex, this is the correlation time
that determines the relaxivity of the complex at fields used
for MRI. The tumbling complex creates a fluctuating

instance, in human plasni&the relaxivity of MS-325 at 1.5
T is more than 6 times that of [Gd(DTPA){B)]>.

It was recently shown that the relaxivity of MS-325 when
bound to serum albumin was dependent on the type of
albumir®® and that relaxivity did not correlate with albumin

magnetic field that induces nuclear transitions and causespinding. For instance, the relaxivity of MS-325 bound to

relaxation. However, for [Gd(DTPA)@#D)]?>", the tumbling

human (HSA) or pig serum albumin was 50% higher than

rate is in the gigahertz range and nuclear relaxation is notthat when bound to either mouse, rat, or rabbit serum albumin

as efficient as it could be for protons resonating at about 64
MHz (1.5 T, the predominant clinical imaging field strength).
MS-325 [(trisodium { (2-(R)-[(4,4-diphenylcyclohexyl)-

phosphonooxymethyl]diethylenetriaminepentaacetato)(aquo)-

gadolinium(lll)}); Figure 1] was designédito exploit the
proton relaxation enhancement effect used in studying
metalloproteing* MS-325 is a Gd(DTPA) derivative that
binds to the blood plasma protein serum albufiid’

(RSA). Itis not obvious why this should occur because there
is considerable sequence homology among all of these
proteins and the binding constant of MS-325 with each of
these albumins was simil& Clearly, when the complex is
bound to the protein, there is some difference in one or more
of the molecular parameters described above. If these
molecular factors can be better understood, then it stands to
reason that more effective relaxation agents can be designed.
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Unfortunately, some of the methods used to characterize Experimental Section
gado“”'”m.complexes are not ap.pllcl:ak.)Ie to protein SOIUt.IonS Materials. Lyophilized pig serum albumin (lot no. 089H7603,
for sensitivity reasons; the prot_em limits the conpgntratlons fraction V), dog serum albumin (lot no. 092K7603, fraction V),
of the complex that can be achieved under conditions whereyat serym albumin (lot no. 062K7622, fraction V), rabbit serum
the protein is in excess and the metal complex is completely ajbumin (ot no. 049F9300, fraction V), and human serum albumin
protein bound. In this paper, a surrogate ion approach is taken(lot no. 109H7615, fraction V) were purchased from Sigma-Aldrich
to better characterize the proteimetal complex interaction.  (St. Louis, MO). The protein content was determined by amino
The unique magnetic/optical properties of the lanthanides acid analysi$?The [(4,4-diphenylcyclohexyl)phosphonooxymethyl]-
are exploited to explore specific molecular factors such as diethylenetriaminepentaacetato ligéhHel. 1) and its gadoliniurf?
hydration, water exchange, and rotational diffusion. These (GdL1. MS-325), europiuni? and dysprosiuffi complexes were
methods are effective at the concentrations required for prepared as described previously. Partially deuterbied:, was

tei lex int fi d b lized to oth prepared as describ¥The tetrasodium salt dbdLO (Figure 1)
protein—compiexinteractions and can be generalized 1o other, .« nrepared as previously reporéédrhe salts EuGHH,O
protein-targeted contrast agents.

(99.9%) and YbG6H,0O (99.9%) were obtained from Aldrich.
The chemistry of LK ions is very similar: complexes  Ultrafiltration units (UFC3LCC25, regenerated cellulose membrane

of 5000 Da nominal molecular weight cutoff) were obtained from
Millipore Corp. (Bedford, MA).
YbL1 and YbL1-d;o. The ytterbium complexes dfl and its

are often isostructural, and metdigand stability constants
are similar, as are reaction kineti€s? This boring simi-
larity in chemistry has proved useful in the applications of

these ions. For instance, the ligands used to give stabledecadeuterated analogue (replacement of 10 acetateyckbgens

gadolinium complexes developed for MRI applications are
also employed to give stable Lu-177 complexes for radio-
therapy®® Changing the ion is also done for mechanistic
reasons. For instance, the luminescence lifetime 8f &an
be used to estimate the hydration number of a giveli Eu
complex3435

In this report, different LH analogues of MS-325 are

prepared and studied in the absence or presence of eithe

HSA or RSA. By exploitation of the different properties of
Gd", EU", Dy", and YH', the underlying mechanistic reason
for this difference in relaxivity could be explained. This

with deuterium) were prepared in solution and not isolated. The
procedure was the same for both, avidL1 is described as a
representative example. The concentration of the ligahdvas
determined by photometric titration with Gd(N)@ as described
previously?6 To a 1.73 mL solution of kL1 (77.0 mM, 135mol)

at pH 6.5 was added 55.3 mg of Yh&H,0 (143umol), and the

pH was adjusted to 6.5 by the addition of 1 M NaOH. The solution
was stirred for 30 min, and the pH was raised to 7.5 with NaOH to
Precipitate the excess Yh The solution was filtered through a
0.2um filter. Colorimetric analysis with xylenol orange confirmed
the absence of excess metal ion. The solution was then analyzed
by high-performance liquid chromatography (HPLC) with UV and
positive electrospray ionization detection using a gradient of 50

approach may prove useful in the better understanding of mM ammonium formate with 5% (9:1 ACN/50 mM ammonium

the relaxation behavior of other MRI contrast agents in
protein solutions or other biological media.

The YB" analogue of MS-325 was prepared, and its

solution NMR spectrum showed well-resolved paramagnetic-
shifted resonances of the ligand protons. The spectrum could
be assigned by numerically simulating the shifts, thereby .
revealing the orientation of the magnetic susceptibility tensor.

formate) to 50% (9:1 ACN/50 mM ammonium formate) over 12
min (2.0 mL mint, Kromasil C4, 4.6x 50 mm, 3.5«m). YbL1
eluted at 5.0 min X97% of total peak area, positive iomyz =

909 [M + 4H]™). Isotopic distribution was consistent with a'¥b
complex. No uncomplexed ligand could be detected.

All lanthanide concentrations were determined by inductively
upled plasma mass spectroscopy (ICP-MS) on an Agilent 7500
series system.

Line broadening of ligand proton reasonances in the presence \ur Experiments. IH NMR spectra were recorded on a Bruker
of increasing protein concentration was used to estimate theayance 300 or 400 MHz spectrometer equipped with double-
rotational correlation time of the complex bound to each channel {H/X) probes. The temperature was controlled to within

protein. The fluorescence lifetime of the Eanalogue was

+1 °C using dry air cooled by an Air Jet (FTS Systems).

determined when bound to the proteins to ascertain if the Assignment ofYbL1 was obtained from 1BH and 2D'H—-'H

coordinated water was displaced upon protein binding.

Variable-temperature measurements on the yanalogue

were used to show that the water exchange rate is slowe

when MS-325 is bound to RSA than when MS-325 is bound
to HSA.

(31) Bricher, E.; Sherry, A. D. Stability and Toxicity of Contrast Agents.
In Chemistry of Contrast Agents in Medical Magnetic Resonance
Imaging Toth, E., Merbach, A. E., Eds.; Wiley: New York, 2001;
pp 45-119.

(32) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
John Wiley: New York, 1988.

(33) Liu, S.; Edwards, D. SBioconjug. Chem2001, 12, 7—34.

(34) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker, D.;
Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, 8.Chem.
Soc., Perkin Trans. 2999 493-504.

(35) Horrocks, W. D., Jr.; Sudnick, D. R. Am. Chem. Sod.979 101,
334-340.
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COSY spectra recorded at 300 MHzZ0 mM sample concentra-
tion; 5 mm tube). The transverse relaxivity@§L1 was measured

at 400 MHz using 2 mm sample tubes with increasing concentration
of the metal complex in a HSA or RSA solution (80%@®and
20% HO in 50 mM phosphate buffer). A CPMG pulse sequence
and the data-fitting routine implemented in the Bruker Topspin 1.3
software were used to determiiiig of the bulk water. The bound
water chemical shift obyL1 was measured at 300 MHz from the
induced bulk water shift at increasing metal complex concentration

(36) McMurry, T. J.; Parmelee, D. J.; Sajiki, H.; Scott, D. M.; Ouellet, H.
S.; Walovitch, R. C.; Tyeklar, Z.; Dumas, S.; Bernard, P.; Nadler, S.;
Midelfort, K.; Greenfield, M.; Troughton, J.; Lauffer, R. B. Med.
Chem.2002 45, 3465-3474.

(37) Caravan, P.; Greenfield, M. T.; Bulte, J. Wagn. Reson. Me@001,

46, 917-922.

(38) Zech, S.; Sun, W.-C.; Jacques, V.; Caravan, P.; Astashkin, A. V;

Raitsimring, A. M.ChemPhysCherf005 6, 2570-2577.
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Table 1. First-Order Decay Constants for 0.3 mBL1 Fluorescence Table 2. Experimental (300 MHz, 310 K, Estimated Uncertaidt.5
in H20 or D,O Solutions of Serum Albumin (1 mM) from Various ppm) and SimulatédProton Chemical Shifts of the DTPA Moiety of
Species and Calculated Hydration Numbeys, YbL1 (See Figure 2C for Assignments and Estimated-¥bDistances)
serum albumin ki,0 (Ms™) kp,o (Ms™) q experimental simulated Yb—H
human 1472 0.410 0.97 proton shift (ppm) shift (ppm) distance (A)
pig 1.496 0.419 0.99 1 25.6 25.0£ 0.7 5.26
dog 1.507 0.423 1.00 2 25.6 31.8- 0.6 5.50
rat 1.492 0.401 1.01 3 1111 110.6t 2.0 3.47
rabbit 1.467 0.392 0.99 4 62.8 60.2+ 1.7 3.86
5 72.0 67.0+1.1 4.48
(0—150 mM) using trimethylsilyl propionate, an internal chemical ? 12(25; 1502]§£ ié ggi
shift standard. In the fast exchange limit, the bulk water shift 8 4.7 4.5+ 1.0 4.40
increases linearly with the metal concentratiégﬁfk = fhoun®bound 9 —14.2 —14.0+ 1.7 3.70
+ frecdnree, Wheref = [DyL1]g/55.9M is derived from the 10 —20.3 —20.3+1.1 4.35
conféeenftr?;tion andbound: 4 5 |c§lpm]q 11 —223 ~230+ 16 3.75
) free 7 L P _ 12 —31.1 —26.9+ 1.4 4.07
A series of 12 solutions in 2 mm sample tubes (Wilmad) were 13 1.7 45+ 1.3 4.31
prepared that contained 4 mkbL and ranged in HSA concentra- 14 3.2 45+19 3.72
tion from 0 to 1.35 mM in a 50 mM phosphate buffer (80%D 15 17.8 17.6-1.4 4.20
and 20% HO). An additional eight solutions ranging from 0.20 to 16 —115 —12.7+1.2 4.31
. . . 17 —43.7 —44.2+ 1.6 4.00
0.64 mM in RSA and 4 mMYbL1 were prepared. Line widths 18 —479 —511+19 366
were determined for the strongly shiftéid NMR resonances as a 19 -27.2 —28.7+1.2 4.38

function of the albumin Conte,nt' . a Evaluated with the SHIFT ANALYSIS prograf.Principal values of
TheT; of water was determined at 310 K and 9.4 T for a series  he magnetic susceptibility tensor grg = —1217+ 47 ppm A3, y, =

of solutions that contained either 2.0 mM HSA or RSA and 0, 0.5, —2007+ 50 ppm A3, andy,, = 32244+ 46 ppm A=,

1.0, or 1.5 mMDyL1 (eight solutions in total). Th&, measure- . )
ments were repeated over the range 2380 K for the 1.0 mM Solution NMR Spectrum of YbL1 and Assignment of

DyL1 samples and their respective diamagnetic albumin samples. Shifted Protons. Figure 2A shows théH NMR spectrum
Ultrafiltration Measurements of Protein Binding of YbL1. of YbL1 at 310 K. The lines are well resolved and show
After the NMR studies were completed, 400 of the NMR sample ~ only minor changes in the chemical shift with tempera-
was added to a 5000 MW ultrafiltration unit. The samples were ture (Supporting Information, Figure S1). In contrast, tHe
incubated at 37C for 30 min, placed in prewarmed centrifuge NMR spectrum of [Yb(DTPAY~ exhibits a pronounced
buckets, and centrifuged for 7 min at 3§04 37°C using a Jouan  temperature dependence due to the interconversion of two
GT 4 22 centrifuge. The filtrates were analyzed for the ytterbium jsomers3®
choncentre.ttlon by|ICP-MSaThe gon(cjegtratl%n of pourlgﬂ_l n b HPLC analysis (Supporting Information, Figure S2) dem-
the protein samples was determined by subtracting the ytterbium ¢ ates the presence of two isomersYoiL1 (ca. 40:60
concentration (freerbL1) found in the filtrate from theYbL1 S\ . . .
: e . ratio); however, their interconversion is too slow to be
concentration of the original serum albumin samples. . .
observed on the NMR time scale. This is corroborated by

Fluorescence Measurements. EuLXolutions were prepared . . .
with various species’ serum albumin: human, pig, dog, rabbit, or the absence of any correlations between the two isomers in

rat. Each solution contained 0.3 mBuL1 and 1.0 mM albumin ~ €xchange spectroscopy spectra (not shown). Because the slow
in pH 7.4 phosphate-buffered saline. An aliquot of each sample ISOmMer |nte_rconver5|on causes no ob_servab!e NMR spect_ral
was lyophilized and reconstituted with,®, and this process was ~ changes with temperature, the chemical shift changes with
repeated twice to exchange hydrogen with deuterium. temperature are due to the predicted temperature behavior

Excited-state lifetime measurements were made on a Jobin Yvonof paramagnetic-shifted protofisFigure 2A further suggests
Horiba Fluoromax-P (u§ing DataMax for Windows v2.2). Lifetimes that the two isomers display significantly different line
were measured by excitation (395 nm direct) of the sample with a widths, and hence peak heights. A likely reason for this is
short 40 ms pulse of light (500 pulses per point) followed by the different internal mobilities for the two isomers. Similar
monitoring of the integrated intensity of light (615 nm) emitted NMR behavior was observéor diastereomers of a related
during a fixed gate time of 0.1 ms, at a delay time later. Delay substituted DTPA complex, [EU(EOB-DTPA)} A com-
times were set at 0.1 ms intervals, covering four or more lifetimes. . piex, . .

parison of the spectrum ofbL1 with the partially deuterated

Excitation and emission slits were set to 15 and 5 nm bandpassesL . . .
respectively. The obtained decay curves were fitted to a simple 1-dyo (Figure 2B) shows that 10 narrow lines disappear and

monoexponential first-order decay curve using Microsoft Excel. thereby provides assignment for the acetate ftons. The
COSY spectrum (Supporting Information, Figure S3) enables

Results assignment of pairs of geminal protons. However, unambigu-
ous assignment for all shifted protons could only be obtained
by numeric simulation of the paramagnetic shifts. We started
with the coordinates determined from an X-ray structure of
MS-3254 and used the simulation algorithm described by

Hydration Number. Fluorescence lifetimes of tHeul 1/
albumin samples in either a;B or D,O solution are listed
in Table 1. The hydration numberis calculated using the
empirical equation of Beeby et al. (eq 1), and these are

tabulated in Table 1. (39) Jenkins, B. G.: Lauffer, R. Bnorg. Chem.1988 27, 4730-4738.
(40) Thompson, N. C.; Parker, D.; Schmitt-Willich, H.; Suelzle, D.; Muller,
— _ _ G.; Riehl, J. PDalton Trans.2004 1892-1895.
q 1'2[kHzO szO 0.25] (1) (41) Tyeklar, Z.; McMurry, T. J.; Caravan, P. 2006, in preparation.
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— :
100 50

Figure 2. (A) 'H NMR spectrum ofrbL1 (300 MHz, 310 K). Numbering corresponds to the assignments in part GH(BMR spectrum of decadeuterated
YbL1-dio, Wwhere acetate I8, protons were exchanged for deuterons. Y®L1 with proton assignments for the DTPA moiety and the orientation of the
principal axes of the susceptibility tensogA{ xxx xyy)-

Forsberg et at? to arrive at a final assignment of the Table 3. R®™Values (400 MHz, 310 K) for Selected Resonances

S i ; ; (See Figure 2C for Assignments, Wh¥bL1 Is Bound to HSA or
SpeCtrur.n.and the prlnCIpaI values a.nd Orlentatlon_Of the RSA, and Calculatedg Using Eq 5 and the YbH Distances in
susceptibility tensor. Table 2 summarizes the experimental tapje 2)

and simulated shifts together with the estimated—Yb

distances at 310 K. The agreement between experimental — HSA — RSA

and simulated chemical shifts is excellent, considering that _Proto" R™(s™ = (nS) R 7R (NS)
in our simulations the isotropic and diamagnetic shift io 1343121 ééo 1?-% éé igzgi 138 gosi 1(2)
contributions have been neglected. The isotropic shift in 75 1413+ 60 80L06 23374120  135k11
YbL1 is expected to be on the order of3 to —5 ppm for 15 1122+ 60 7.8+0.6  2103+100  14.0+ 1.0
most protons close to the metal and therefore compensates 17 1355+ 80 6.6+08  1983+120 10.0+1.1

for the diamagnetic shift (ca+2—4 ppm) as observed
previously? for [Yb(DOTA)] .

The assignment of the protons and orientation of the
magnetic susceptibility tensor as derived from simulation are
depicted in Figure 2C. It is seen that the angle between the RS" = 7(Av,,, — LB) (3)

%2z @xis and the M-OH; vector is about 28 This is larger

than that previously observed on [Ln(DOTA)flerivatives by the exponential apodization function (10 Hz) applied prior
and is a result of much lower symmetry in metal coordination to Fourier transformation.

with DTPA derivatives. The binding constant of MS-325 to HSA or RSA is ca.

Estimation of the Rotational Correlation Time. At 310 10* M~1.2630 Hence, on the NMR time scale, the metal
K, the spectrum o¥bL1 is dominated by one isomer while  complex is in fast chemical exchange with the protein and
the other is hardly observed (Figure 2A). This simplifies the this allows observation of the weighted average between the

The observed transverse relaxation r&g”, of a given
proton was estimated at its full line width at half-heighty,
(eq 3). where LB accounts for the line broadening introduced

analysis of the line broadening upon protein bindifig. unbound complex and the protein-bound state according to
NMR spectra ofYbL1 (4 mM) were recorded with increas- ) ) ] A
ing concentrations of either RSA or HSA{0.6 mM). Parts RO™ = fiodRE® + Fooun "+ R (4)

A—C of Figure 3 show the effect of the protein on the )
spectrum. The diamagnetic region of tbL1 spectrum is wheref represents the fraction of the complex present that

obscured by protein resonances, but outside this region, theS unbound (free) or bound to the protein (bound) and the
paramagnetic-shifted resonances are readily seen. The lin@bserved relaxation rate has contributions from the relaxation

widths of these resonances were measured as a function ofates of the unbound and bound complexes and those due to

H XCl
increasing albumin concentration. The fractiorvdfL1 not chemical exchangeRf*).

bound to albumin was then directly determined by ultrafil-  Figure 3 shows a drastic increase in the line width as a
tration throudp a 5 kDa molecular weight cutoff membrane. function of the HSA concentration; however, the resonance

ICP-MS was used to determine the ytterbium concentration frequencies are independent of the protein concentration,

in the initial solution and in the filtrate. The fraction bound, indicating that the paramagnetic shift is very similar for free

fvd is given by eq 2. and protein-bound/bL1. This renders the exchange con-
tribution in eq 4 negligible and allows estimation ™

[YbLl]fiItrate
=1- YbT (2) (42) Forsberg, J. H.; Delaney, R. M.; Zhao, Q.; Harakas, G.; Chandran, R.
[ Jiota Inorg. Chem.1995 34, 3705-3715.

fbd
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Figure 3. (A) H NMR spectra (400 MHz, 310 K) of 4 mMbL1 with
increasing amounts of protein HSA added. (B) Plot of the observed
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Figure 4. Transverse relaxivityrg) of DyL1 in HSA (circles) or RSA

(squares) at 9.4 T as a function of the temperature. The solid lines are fits
to the data as described in the text.

momentad = "/, for Yb""), rypy is the ion—nuclear distance,

k is Boltzmann’s constant, is the absolute temperatupe;

is the electron Bohr magneton, ands the correlation time.

In this case, the correlation time corresponds to the correla-
tion time for molecular tumbling, i.et. = tr. Using Yb—H
distances estimated from the crystal structure of the gado-
linium complex, the correlation times is readily obtained
from eq 5. Table 3 lists some resonances used for line-shape
analysis and their estimated correlation times in either a HSA
or RSA solution.

Transverse Relaxivity, rp, of DyL1. Relaxivities were
measured at 9.4 T in the presence or absence of either RSA
or HSA. The protein solutions were 2 mM, and thgL1
concentration ranged from 0 to 1.5 mM. The relaxivity,

transverse relaxation rate of selected resonances at a given HSA concentraat 37 °C was obtained from the slope of a plot offikhs

tion versus the experimentally determined fractiorybf.1 bound to HSA
under those conditions. Extrapolationftguna= 1 givesR; for the bound
YbL1 and allows calculation of the rotational correlation time.

from a plot of R3™ as a function of the fraction bound; i.e.,
by extrapolation tdwoung— 1, the relaxation rate of transverse
relaxation in the bound state is derived. This is illustrated in
Figure 3B for selected protons in HSA solutions.

The line broadening predominantly originates from Curie
spin relaxatiorf># Modulation of the time-averaged mag-
netic moment of the molecule by rotation induces nuclear
relaxation in a dipolar manner. This is given by eq 5. Here

2 2 2

RCurie: 1. Ho sz gJ4:uBA‘] (‘] + 1) |.4T + 3Tc
2 5 (3kT)2rYbH6 |. c

o is the permeability of the vacuumy, is the proton Larmor

frequency (rad s, g; is the Landeg factor for YB" (8/7), J
is the vector combination of orbital and spin angular

4n

(5)
1+ oy’

(43) Bertini, I.; Luchinat, CCoord. Chem. Re 1996 150, 77—110.
(44) Gueron, MJ. Magn. Resonl975 19, 58—66.

[DyL1]. The temperature dependence mnwvas measured
from 7 to 55°C, and the results are plotted in Figure 4.

Water Exchange at DyL1 When Bound to Albumin.
Transverse relaxivity can be related to two-site exchange by
eq 6, whereke is the water exchange rat&, is the

R2m2 + Rkaex + (Awm)2
(Rym + ko)* + (Aw,)?

r2 = kex (6)

q
[H;0]

transverse relaxation rate of the bound water protons,
Awn is the chemical shift of the bound water protons. In
general, there is also an outer-sphere componemf but it
was previously showi that this is very small (0.05 mM

s 1) and can be neglected here. The chemical shift of the
coordinated water was measured in the absence of protein,
and it is assumed that the chemical shift should not
change when the complex binds to albumin (no change in
the chemical shift was observed upon protein binding for
protons onYbL1). Rxy is given by eq 5, except here the
correlation time can also be contributed to from the water
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Table 4. Water Exchange Parameters foyL1 Bound to Either HSA 50 —
or RSA
DyL1 + HSA DyL1 + RSA S Z’,’
I (x 106 571 3145 3.8+0.2 40 ?
AH* (kJ mol 1) 2247 26+1 // ,:,/f
310 8 13 4 ,/'/
7R (Ns) 35 << g ]
AER (kJ mol1) 44+ 2 80+ 7 9 ?/ § /
aThe estimated uncertainty is 1 standard deviation and the rotational -~ 30+ uqn c 7 —?
correlation time at 310 K is fixed to the value determined for thd"Yb = C::: 7 //"f ] /'/ "
analogue. E 254 = % /4 ﬂj ’}% -
= L,
residency timegn,. For dipolar Curie spin relaxation with < 20 f é:/; ;’Ej ?f/’;
exchange, X = 1/t + 1l/tg. Scalar relaxation is negli- ﬁ & o9 /
gible because of the weak isotropic hyperfine interaction I é / ;/// %
between the DY ion and the water protonA(h < 0.1 10 - ,/ /
MHz).#546Solomon-type dipolar relaxation is also negligible
at 9.4 T%7 5 - T i
Taking the rotational correlation times determined for the =

0 I I N ey ey
5° 158 25°
Temp ("C)
bound to RSA at 310 K. The variable-temperatusalata Figure 5. Longitudinal relaxivity ¢1) of MS-325 GdL1) bound to RSA
ght gray) or HSA (white) as a function of the temperature. Relaxivity of

li
were then analyzed. It was assumed tha,t the ten_qperatl'lr%dLo in RSA (dark gray) or HSA (black) provides an estimate of the outer/
dependences of water eXChange and rotational motion COUIdsecond-sphereiS) contribution to the observed relaxivity of MS-325 in

each be described by a monoexponential function (eqs 7 andrSA or HSA.
8), wherekZ,’ and 73 are the water exchange rate and

Ko T

Yb'" complex and a chemical shift of the bound water of
—650 ppm, one can compute water exchange rates of 31
10° st for DyL1 bound to HSA and 3.& 10f s * for DyL1

35°

Targeting a gadolinium complex to a protein or other
macromolecule offers several benefits: it localizes the

kex=r—=310 15exp{Ag (313 15 %)] (7 contrast agent at the biochemical region of interest; it
m : ' increases the relaxivity of the complex by increasing the
AEq1 1 rotational correlation time; binding is reversible, which allows

Tr =130 exp{TR(f ~ 310 15) (8) for eventual renal clearance of the ag&rithis is the case

with MS-325, which targets serum albumin for blood vessel
imaging?® Relaxivity is much higher in a blood plasma or
albumin solution than in the absence of protein. However,
relaxivity when bound to HSA was much greater than that
when bound to RSA? Figure 5 shows some variable-
temperature relaxivity data for MS-325 bound to either HSA

rotational correlation time at 310 K. Equation 7 is another
form of the Eyring equation. The variable-temperature
relaxivity data were fit using eqs-3, while keepingry'°
fixed to the values determined foibL1 in HSA and RSA.
The chemical shift was assumed to vary linearly and
. ; . L or RSA.
inversely with temperature. The solid lines in Figure 4

represent the best fit to the data. The fitted parameters are | € techniques that have been used to characterize water
given in Table 4. exchange and molecular tumbling for small molecules are

less applicable to protein-bound complexes. Protein solubility
often limits the concentration of the protein-bound species
achievable, resulting in a lack of sensitivity. The long
Gadolinium complexes have been widely studied recently correlation times can result in extreme line broadening,
because of their potential use as MRI contrast agents. MUChmaking relaxation time measurements challenging. In addi-
effort has gone into the better understanding of the relaxationtion, 170 relaxation becomes multiexponential outside the
enhancement of solvent protons by different gadolinium extreme-narrowing limit. In this study, we used surrogates

complexes in order to produce more potent contrast agentsfor the Gd' ion in order to trace the differences in the
There are many molecular contributors to relaxation: the relaxivity of MS-325.

number of inner-sphere water molecules, the rate of water Figure 5 shows the relaxivity of MS-32&€L1) and that

exchange from the inner sphere to the bulk, the electronic ;¢ G410 when bound to HSA or RSA and as a function of
relaxation rates, molecular tumbling, and relaxation of water temperatureGdLO is a similar complex but is based on the

in the second and outer spheres. All of these can haverrya jigand, which is known to coordinatively saturate
significant effects on the overall bulk water relaxation rate. qn 47 GgL0 was used to estimate the relaxivity effect

Discussion

- — arising from the inner-sphere watérThere is a significant
(45) Astashkin, A. V.; Raitsimring, A. M.; Caravan, P.Phys. Chem. A

2004 108, 1900-2001.

(46) Raitsimring, A. M.; Astashkin, A. V.; Poluektov, O. G.; Caravan, P.
Appl. Magn. ResorR005 28, 281—295.

3582 Inorganic Chemistry, Vol. 46, No. 9, 2007

(47) Ruloff, R.; Gelbrich, T.; Sieler, J.; Hoyer, E.; BeyerA..Naturforsch.,
B: Chem. Scil1997 52, 805-809.
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contribution to MS-325 relaxivity from protons outside the allows the use of low concentrations, no isotopic labeling,
inner sphere, especially at low temperatures. However, theand simple 1D spectra to determine the correlation time. The
low relaxivity observed for MS-325 bound to RSA is not chemical shift dispersion of thébL1 complex ensures that
likely a second-sphere effect. TaLO relaxivity data trend there are several resonances not obscured by the broad
the wrong way and are slightly higher in RSA. The albumin peaks. Table 3 lists tH&°"™ and 7 values for
temperature dependence suggests that water exchange is iselected resonances. On averagel.1 bound to RSA is
the slow limit because the relaxivity due to the inner-sphere slightly less mobile fr ~ 13 ns) than when bound to HSA
water increases with the temperature. Relaxivity could be (zr ~ 8 ns). Proton 5 seems to be more restricted than other
lower in RSA because (1) the inner-sphere water is being ligand protons, which may be explained by its proximity to
displaced by a protein side chain, (2) water exchange slowsthe protein binding group. This demonstrates the potential
down when the complex is bound to the protein, and (3) of the method to obtaitocal mobilities.
although the complex is bound to the protein, there is some  As expectedsr was long 10 ns) and clearly not a source
fast internal motion limiting relaxivity. of the lower relaxivity observed for MS-325 in RSA. In fact,
There are examples of Gdcomplexes bound to serum  the measured correlation time was a little longer for the RSA-
albumin where the hydration numbegdecreases when the  pound complex. The studies witbL1, EuL1, andGdLO
complex is bound to the protefft®presumably because the  implied that the difference in relaxivity was probably due
high local concentration of a carboxylate or hydroxyl side to a difference in the water exchange rate when the complex
chain can coordinate the gadolinium and displace the waters.was bound to the different proteins. The usual way to
Two examples where this was reported involved complexes measure water exchange at'Gebmplexes is by measuring
that hadq = 2 in the absence of protein arg= 0 in the R; of solvent H7O as a function of the temperatufeThese
presencé®48The hydration state of the europium analogue studies typically require about a 10 mM complex in order
of MS-325 bound to HSA was previously foulido be to measure a significant paramagnetic contribution to the
unchanged afj = 1. Fluorescence lifetime measurements observed rate because the relaxation rate of quadrupolar
of the europium analoguBuL1 in the presence of excess H,'"0 itself is already very fast. The limited sensitivity makes
human, pig, dog, rabbit, or rat serum albumin were recorded t impossible to work under conditions where the protein
in either HO or D,O and are listed in Table 1. There is an concentration is in excess. Moreover, concentrated3(1
established relationship between the hydration number ande) albumin increases the baseline diamagn&@ rate

the rate of quenching in® because of coupling to the-b by as much as a factor of 4, further limiting the sensitivity
oscillator3*3*These measurements indicated tiat 1 and of this technique.

does not change, regardless of the protein to which the Transverse proton relaxation by the dysprosium complex
complex is bound. proved useful for accessing the water exchange rate. The

The nuclear magnetic relaxation dispersion (NMRD, field proton relaxation rate was sensitive enough that a significant
dependence on relaxivity) reported previod$lyuggested  paramagnetic effect could be measured under conditions
that tumbling was slowed when MS-325 binds to both \here the protein was in excess and most of the paramagnetic
albumins as expected. However, b'ecause the NMRD is gffect was coming from the protein-bound complex. The
dependent on many parameters, an independent measure Qfominant relaxation mechanism is the dipolar form of Curie
the tumbling rate was sought. The trnalogue gives a  gpin relaxation. Unlike its Gt analogue, it was previously
well-resolved'H NMR spectrum with a broad chemical shift  shown that second/outer-sphere transverse relaxivity was
dispersion. The paramagnetic-induced pseudocontact Shift%egligible forDyL1.3” Based ortH ENDOR studies on G
yield structural information. The magnitude of the shift complexes, the isotropic hyperfine interaction between the
depends on the distance between Yb and the proton and th%ysprosium ion and the coordinated water proton was
angle between the vector it forms and theaxis of the assumed to be less than 0.1 M#zThus, the scalar
susceptibility tensory,. This structure is shown in Figure  gntribution to relaxation could be neglected.

2C along with the principal axis system of the susceplibility 7,0 relaxivity of theDyL 1/albumin solutions is dependent

tensor. The binding of MS-325 to serum albumin is moderate on the Dy-H distance, the water residency time, and the
~ 71 i i i . . ., . !

(Ka~ 10°M™), and this results in a rapid off rateBecause | ationaj correlation time. The distance was assumed to be

of this rapid chemical (_exchange, there is a linear increase Nthat of the aqua ion, 3.03 R.The rotational correlation time

the transverse relaxation rate of the protonsvim.1 as a was taken from theYbL1 line-broadening studies. This

function of added albumin. By measuriig of the para-  gj15ed the water exchange rate to be estimated ak 31
magnetically shifted protons as a function of the albumin 10° st for DyL1 bound to HSA and 3.& 10° s for DyL1
concentration and measuring the fractiorv@l.1 bound to bound to RSA at 310 K. In the absence of protein, water

protein, one can extrapolate B™" This relaxation rate exchange aDyL1 was determined to be 68 10F 5! at
depends on the correlation time and the-Hbdistance. The 310 K Water exchange ddyL1 is slightly reduced upon
distances are estimated from the crystal structure of MS-

325, and the correlation time can be ComPUtw-NMR (49) Powell, D. H.; Ni Dhubhghaill, O. M.; Pubanz, D.; Helm, L.; Lebedev,
Y. S.; Schlaepfer, W.; Merbach, A. H. Am. Chem. S0d.996 118
(48) Aime, S.; Gianolio, E.; Terreno, E.; Giovenzana, G. B.; Pagliarin, R.; 9333-9346.
Sisti, M.; Palmisano, G.; Botta, M.; Lowe, M. P.; Parker, D Biol. (50) Cossy, C.; Helm, L.; Powell, D. H.; Merbach, A. Eew J. Chem.
Inorg. Chem.200Q 5, 488-497. 1995 19, 27-35.
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binding to HSA (2-fold) but significantly reduced (17-fold) important consequences for the design of new MRI contrast
upon binding to RSA. Assuming a similar reduction in the agents that often rely on protein binding for targeting and
water exchange rate for the gadolinium analogue, MS-325, improving relaxivity because slow water exchange can limit
the difference in water exchange would explain the observedrelaxivity. Exchanging G for another LH' is straightfor-
differences in relaxivity when MS-325 was bound to the ward and the last step in the synthesis of the complex.
various serum albumins. Surrogate lanthanide complexes provide direct access to
To confirm that water exchange is slower wHeylL1 is specific molecular parameters that are only sampled in
bound to RSA, variable-temperaturemeasurements were aggregate when measuring the relaxivity of gadolinium
made. Relaxation induced by the dysprosium complex is lesscomplexes. Rotational correlation times can be readily
efficient than that of the gadolinium complex, so at 310 K, obtained from 10H NMR spectra of YB complexes; water
DyL1 is in fast exchangeTem > 7). Relaxivity should exchange rates for protein-bound complexes are accessible
increase with decreasing temperature becaynsgs getting through the effect of the B¥ analogue on solvent relaxation
longer (eq 5). However, at low enough temperature, the rates; and Eli fluorescence decay provides insight into the
residency time becomes longer th&nof the bound water  hydration number. The techniques described in this paper
and now slow water exchange should limitFigure 4 shows  are generally applicable to other tdcomplexes being
that for DyL1 bound to RSA relaxivity reaches a peak at investigated for protein targeting and have sufficient sensitiv-
ca. 290 K and then decreases whereasgrl bound to ity to be effective in the high micromolar to low millimolar
HSA the relaxivity maximum is not reached but is predicted concentration regime.
to be about 265 K. The observation of crossover from fast
exchange to slow exchange for tbgL1/RSA system and
not for theDyL1/HSA system over this temperature range
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is conclusive evidence that water exchange is fastByhafl Supporting Information Available: Variable-temperaturéH
bound to HSA. NMR, H—1H COSY NMR, and HPLC analysis ofbL1. This

material is available free of charge via the Internet at http://
Conclusion pubs.acs.org.

The noncovalent association of a metal complex with a
protein can alter water exchange at the metal ion. This hasiC070011U
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