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p-Galactosidase Activity Utilizing a Receptor-Induced Magnetization
Enhancement (RIME) Phenomenon
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Abstract: Magnetic resonance imaging
(MRI) permits noninvasive three-di-
mensional imaging of opaque organ-
isms. Gadolinium (Gd®*) complexes
have become important imaging tools
as MRI contrast agents for MRI stud-
ies, though most of them are nonspecif-
ic and report solely on anatomy. Re-
cently, MRI contrast agents have been
reported whose ability to relax water
protons is triggered or greatly en-
hanced by recognition of a particular
biomolecule. This new class of MRI

the increase in the longitudinal water
proton r; relaxivity that occurs upon
slowing the molecular rotation of a
small paramagnetic complex, a phe-
nomenon which is known as receptor-
induced magnetization enhancement
(RIME), by either binding to a macro-
molecule or polymerization of the
agent itself. Here we describe the
design and synthesis of a novel 3-galac-
tosidase-activated MRI contrast agent,
the Gd** complex [Gd-5], by using the
RIME approach. f-Galactosidase is

commonly used as a marker gene to
monitor gene expression. This newly
synthesized compound exhibited a
57% increase in the r; relaxivity in
phosphate-buffered saline (PBS) with
45% w/v human serum albumin
(HSA) in the presence of -galactosi-
dase. Detailed investigations revealed
that RIME is the dominant factor in
this increase of the observed r; relaxivi-
ty, based on analysis of Gd** com-
plexes [Gd-5] and [Gd-8], which is
generated from [Gd-5] by the activity

contrast agents could open up the pos-
sibility of reporting on the physiologi-
cal state or metabolic activity deep
within living specimens. One possible
strategy for this purpose is to utilize

complexes -

Introduction

Magnetic resonance imaging (MRI) is a noninvasive imag-
ing technique that can provide images of intact, opaque or-
ganisms in three dimensions, even deep within a specimen,
without photobleaching or light scattering which are often
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of p-galactosidase, and spectroscopic
analysis of their corresponding Tb**

gadolinium
complexes, [Tbh-5] and [Th-8].

observed in light-based microscopy imaging experiments.!!
Therefore, MRI is useful not only in clinical medicine, but
also in experimental research.!'? Nowadays, there is a con-
siderable interest in MRI contrast agents, which can im-
prove the resolution of MR images."?) The MR images are
based upon the NMR signal from water protons, and the
signal intensity depends upon the water concentration and
relaxation time (7, and 7). Paramagnetic ions like the ga-
dolinium ion (Gd®*), primarily shorten the 7, (spin-lattice)
relaxation time with high efficacy by rapid exchange of
inner-sphere water molecules with bulk solvent.”! Thus,
Gd**-based MRI contrast agents increase tissue contrast by
increasing water proton relaxation, and are widely used in
clinical diagnostics.! In Gd**-based MRI contrast agents,
chelation of Gd** is required for safety reasons: Dissocia-
tion of Gd** from a MRI contrast agent is undesirable, as
both the free metal and unchelated ligands are generally
more toxic than the complex itself.>*! Commonly used MRI
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contrast agents are mainly extracellular agents with nonspe-
cific biodistribution.*! In contrast, it is also possible to de-
velop Gd®>* complexes with various chemical properties by
means of appropriate ligand design for Gd**," and, indeed,
some bioactivated MRI contrast agents have been reported
for monitoring enzyme activity, Ca**, pH, p(O,), Zn**, and
so on.”! These MRI contrast agents show a change in the
water proton relaxation time (7; or 7,) in response to the
presence of specific biomolecules. Recently, attempts have
been made to utilize MR imaging techniques to detect gene
expression, and the development of these methods would
allow MR imaging of the expression of specific genes.!®! For
example, -galactosidase is a commonly used gene expres-
sion marker, that is, gene expression is monitored by intro-
ducing a marker gene, lacZ, to follow the regulation of a
gene of interest because it can easily be assayed and is not
normally expressed in most mammalian tissues or cells.”)
Meade and co-workers developed the bioactivated MRI
contrast agent, EgadMe, which reports on [-galactosidase
activity to image the expression of a transgene."”! The mech-
anism of the 7 relaxation time change between two distinct
relaxation states, long and short, is as follows. The enzyme
substrate, galactopyranose, which is linked to the ligand,
blocks the one remaining open coordination site of the che-
lated Gd**, inhibiting access of water to the chelated Gd**
ion. The contrast agent is switched on when f3-galactosidase
cleaves the galactopyranose from the Gd** complex and the
chelated Gd** ion becomes accessible to water. This agent
has been successfully used in vivo to monitor gene expres-
sion in Xenopus laevis.'"™ Thus, this MRI contrast agent
showed a change in the longitudinal relaxation time (7)) in
the presence of 3-galactosidase by modulating the access of
water molecules to the chelated Gd** ion. In addition to
above results, B-galactosidase-activated MRI contrast agents
with a range of chemical properties are also needed for fur-
ther biological studies, so the development of novel $-galac-
tosidase-activated MRI contrast agents with a different
design approach would be helpful for studies of biological
phenomena by monitoring gene expression. One possible
approach for the development of biomolecule-activated
MRI contrast agents is the RIME (receptor-induced mag-
netization enhancement) approach.'!! The binding of a MRI
contrast agent to a macromolecule substantially slows mo-
lecular rotation of the Gd** complex, resulting in an addi-
tional increase in the r, relaxivity through the rotational cor-
relation time 7x.! When the Gd** complex binds to a mac-
romolecule, the 7 increases from that of a small molecule
to that of the protein, and the r; relaxivity increases. The
slower the Gd** complex tumbles, the longer the 7y, leading
to faster relaxation rates and, hence, higher r, relaxivity. The
g for small Gd** complexes is usually in the picosecond
range (typically 50200 ps), whereas the 7 for a macromole-
cule such as albumin is in the nanosecond range (about
50 ns).l%) This phenomenon is known as RIME. RIME
agents have been reported for alkaline phosphatase and for
carboxypeptidase B (part of the thrombin-activatable fibri-
nolysis inhibitor family), which regulate noncovalent binding
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of the agents to human serum albumin (HSA).">" Another
agent permitted the detection of yeast transcription repress-
or protein (Gal80) as MR images by utilizing a specific pep-
tide-protein binding event,'¥ and the enzyme carbonic an-
hydrase was selectively targeted with a sulfonamide substitu-
ent.”l Moreover, oligonucleotide sequences have also been
detected with iron oxide nanoparticles derivatized with oli-
gonucleotide."®! Hybridization with oligonucleotide-derived
particles resulted in changes mainly in the spin—spin relaxa-
tion time (7,) of adjacent water protons. Efficient polymeri-
zation of Gd>* complexes can also be used to directly image
the activity of enzymes such as myeloperoxidase (MPO) and
matrix metalloproteinase 2 (MMP-2).[7-18]

Here, we report the design and synthesis of a novel [3-gal-
actosidase-activated MRI contrast agent based on the
RIME approach (Figure 1). Reaction with -galactosidase
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Figure 1. The RIME mechanism for the -galactosidase-activated MRI
contrast agent [Gd-5]. In [Gd-5], a Gd** complex is coupled to an albu-
min binding moiety that is masked by the galactopyranose residue. The
galactopyranose residue of [Gd-5] is designed to be cleaved by [-galacto-
sidase, transforming [Gd-5] to [Gd-8], and this cleavage promotes albu-
min binding of the Gd** complex.

yielded a 57 % increase in the r, relaxivity in phosphate-buf-
fered saline (PBS) with 4.5% w/v HSA. Cleavage of the gal-
actopyranose moiety from the aryl group of the Gd** com-
plex increases the hydrophobicity of the aryl group, thereby
increasing the HSA binding affinity. The greater binding of
the Gd** complex to the macromolecule, HSA, increases
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the r; relaxivity. We also confirmed the mechanism of this
increase in the r, relaxivity.

Results and Discussion

Design and synthesis of [Gd-5] and [Gd-8]: The Gd** com-
plex, [Gd-5], was designed to detect 3-galactosidase activity
through conversion of the MRI-silent agent into an activat-
ed MRI agent, [Gd-8] (Figure 1). The [Gd-5] is composed
of three moieties: 1) a masking group consisting of galacto-
pyranose; 2) an albumin-binding moiety, the biphenyl
group; 3) an MRI signal-generating moiety, which is a Gd**
complex. This design relies upon enzymatic transformation
of a Gd&®* complex with poor albumin affinity and concomi-
tant low relaxivity into one with high albumin affinity and
high relaxivity. The biphenyl group was selected as the albu-
min binding group, because the biphenyl residue is known
to possess high albumin binding affinity.*'>!] A substrate
for p-galactosidase, galactopyranose, was used as a masking
group, affording extremely high hydrophilicity compared
with the hydrophobicity of the biphenyl group. Hydrolysis
of the galactopyranose moiety unblocks the hydrophobicity
of the biphenyl group, thereby increasing the albumin bind-
ing affinity. Thus, in [Gd-5], a masking group that inhibits
albumin binding was expected to be removed by the enzy-
matic activity, to expose an albumin-binding group with high
affinity. The strong interaction of the Gd** complex with a
macromolecule such as albumin increases the r, relaxivity
owing to the RIME phenomenon. The synthetic schemes for
the lanthanide complexes, [Gd-5] and [Gd-8], and details of
the chemical characterization of compounds are provided in
the Supporting Information.

Longitudinal relaxation time 7; measurements of [Gd-5]
with f-galactosidase: The longitudinal relaxation times 7, of
[Gd-5] were measured in the presence of (3-galactosidase or
heat-inactivated [-galactosidase with 4.5% w/v HSA in
phosphate-buffered saline (PBS; pH7.4), at 20MHz
(0.47T), at 37°C (Figure 2). The value of 1/T, increased
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Figure 2. Time course of the P-galactosidase-induced (113 nM; A) and
heat-inactivated (-galactosidase-induced (113 nm; m) changes in the value
of 1/T, [s™'], of 0.5 mm [Gd-5] solution at 20 MHz, 37°C in phosphate-
buffered saline (PBS; pH 7.4) with 4.5% w/v human serum albumin
(HSA).
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from 3.5 to 5.5 s between 0 and 250min in the presence of
[-galactosidase (113 nm), whereas the value of 1/7; changed
only slightly from 3.8 to 4.0s™" between 0 and 250 min on
exposure to heat-inactivated (-galactosidase (113 nm). We
also assessed the ability of f-galactosidase to remove the
galactopyranose masking group from [Gd-5] by high-pres-
sure liquid chromatography (HPLC) analysis (Figure 3).
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Figure 3. Time course of the conversion of [Gd-5] to [Gd-8]; the distribu-
tion of reaction species was quantified by HPLC analysis on the basis of
the absorbance at 300 nm. The Gd** complex, [Gd-5] (0.5 mm) was incu-
bated with: a) p-Galactosidase (113 nm) ([Gd-5]: A, [Gd-8]: m) or;
b) heat-inactivated (-galactosidase (113 nm) ([Gd-5]: A, [Gd-8]: m) at
pH 7.4, and 37°C, in phosphate-buffered saline (PBS) in the presence of
4.5% w/v human serum albumin (HSA).

This HPLC analysis showed that the Gd*>* complexes, [Gd-
5] and [Gd-8], had distinct retention times, and [Gd-5] was
converted into [Gd-8] in the presence of [-galactosidase
(113 nm), whereas essentially no change was observed upon
the addition of heat-inactivated [-galactosidase (113 nm).
The HPLC experiments confirmed the enzymatic processing
of [Gd-5] by the [(-galactosidase. Thus, [Gd-5] exhibited a
[-galactosidase-induced RIME effect, accompanying the re-
moval of the galactopyranose residue of [Gd-5].

The r; relaxivity of Gd** complexes, [Gd-5] and [Gd-8]:
The paramagnetic species, Gd**, acts as a catalyst to relax
bulk water protons by fast exchange of the coordinated
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water with bulk water (inner-sphere contribution). There is
also a relaxation increase provided by the Gd** ion to water
molecules which are diffusing close to the Gd** ion
(second-sphere and outer-sphere contributions). The ob-
served longitudinal relaxation rate (1/7}),, of the solvent
water protons is known to depend on the concentration of
Gd*" ions according to Equation (1) :

(1/Ty)ops = (1/T1)a + r1[Gd] (1)

where (1/T;), is the observed relaxation rate of water pro-
tons in the presence of Gd**, and (1/T}) is the diamagnetic
relaxation rate of water protons in the absence of Gd**. The
longitudinal relaxivity value, r;, refers to the amount of in-
crease in 1/T; s per millimolar concentration of agent
(given as mm~' Gd), and [Gd] is the millimolar concentra-
tion of Gd** ions. Therefore, a plot of (1/7)y versus Gd**
concentration would give the r, relaxivity as the slope, and
the 7, relaxivity, normally expressed in units of mm ' sec™,
reflects the ability of a Gd’* complex to increase relaxation.
The water proton relaxivities, r;, of [Gd-5] and [Gd-8] were
determined at 20 MHz (0.47 T), at 25 or 37°C, and are
shown in Table 1. In the absence of HSA, the r, relaxivities

Table 1. The r, relaxivity [mm~' s~'] (20 MHz) in PBS with 4.5% HSA or
PBS.

Compound HSA PBSM

25°C 37°C 25°C 37°C
[Gd-5] 6.34 6.06 5.80 5.35
[Gd-8] 8.76 9.51 411 387

[a] Human serum albumin (HSA) (4.5% w/v) in phosphate-buffered
saline (PBS; 137 mm NaCl, 8.10 mm Na,HPO,, 2.68 mm KCI, 1.47 mm
KH,PO,, pH 7.4). [b] PBS only.

of [Gd-5] are higher than those of [Gd-8] at both 25 and
37°C. However, in PBS with 4.5% w/v HSA at 25°C, the r,
relaxivity of [Gd-8] is higher than that of [Gd-5] by 38% as
a consequence of a higher albumin binding affinity; at 37°C,
where the exchange of Gd**-bound water molecules is more
facile, the r; relaxivity of [Gd-8] is higher than that of [Gd-
5] by 57%. From these results, it was considered that the in-
crease of the 1/7, value of [Gd-5] in Figure 2 was a conse-
quence of enzymatic cleavage of the galactopyranose resi-
due of [Gd-5] by the -galactosidase activity. Moreover, the
ry relaxivity of [Gd-5] at 20 MHz showed similar values in
the absence and the presence of HSA, indicating that [Gd-
5] hardly interacts with HSA.

Albumin binding study: We investigated the noncovalent
interaction between [Gd-5] or [Gd-8], and HSA. To demon-
strate the extent of relaxation enhancement, the E-titration
is shown in Figure 4.>'" The longitudinal water proton re-
laxation times 7; of a 0.1 mm solution of [Gd-5] or [Gd-8]
in PBS with various concentrations of HSA (0-3.35 mm (0-
22.5% wiv)) were measured at 20 MHz (0.47 T), 37°C. The
results were expressed in terms of the enhancement factor
¢*, that is, the ratio of paramagnetic longitudinal relaxation
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Figure 4. E-titration data for [Gd-5] and [Gd-8]. ¢* versus [human serum
albumin (HSA)] in mwm, at 37°C, in phosphate-buffered saline (PBS,
pH 7.4) at 20 MHz, 0.47 T. Each solution contains various concentrations
of HSA (0-22.5% w/v (=0-3.35 mm) with 0.1 mm [Gd-5] (A) or [Gd-8]
(m).

rates ((1/7))pa [s7']) in the presence and the absence of
HSA were plotted versus increasing HSA concentration at a
constant concentration of [Gd-5] or [Gd-8] (0.1 mm)

[Eq. (2)]:

o W= T5w (/T @
/T e =T (/T

where the obs, para, and dia subscripts refer to the ob-
served, paramagnetic, and diamagnetic species, respectively,
and the A/b and PBS superscripts refer to “in PBS contain-
ing human serum albumin” and “in PBS”, respectively. The
longitudinal water proton relaxation times 7 of aqueous
solutions without Gd** complexes were measured as the di-
amagnetic contribution. The longitudinal relaxation rate (1/
T, [s7']) increase of [Gd-8] solutions in the presence of
HSA was much larger than that of [Gd-5] solutions, and did
not increase linearly with the concentration of HSA, sug-
gesting protein binding. There was a 1.9- or 4.5-fold increase
in the enhancement factor ¢* upon binding to HSA for [Gd-
5] or [Gd-8], respectively. Small parts of these increases in
e* can be ascribed to the misleading apparent amount of
water molecules (ref. [4], p.2342). For example, ~3 mm
HSA solution contains more than 20% protein and hence
less than 80% water, because of the high molecular weight
of HSA. The molar concentration of 1 mmol Gd** in a liter
of 20% w/v HSA is written as 1 mm, but the actual molar
concentration would be 1.25 mm. However, the increase of
e* for [Gd-8] is sufficiently large even when this problem is
taken into consideration. Therefore, the enhancement factor
e* for [Gd-8] suggests a high affinity of [Gd-8] for the albu-
min, whereas the slight increase of ¢* for [Gd-5] can be in-
terpreted as indicating a weak interaction with the albumin.

Further, the binding interaction strengths of [Gd-5] and
[Gd-8] to HSA were calculated by using the above E-titra-
tion experimental data.>'1®¢?) The observed longitudinal
water proton relaxation rate, 7., [s'] is given by the sum of
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three contributions, r,," [mmM™'s™'], r,® [mm's™'], and ry4,

[s7]:
T1obs —T'1dia = ("1PF[Gd} + ”1pB[Gd'HSAD % 1000 3)

where r," and r,® are the r, relaxivity [mm 's™'] of the
Gd** complex and of the paramagnetic macromolecular,
Gd** complex-HSA adduct, respectively, and rq, [s7'], is
the diamagnetic contribution of the observed longitudinal
water proton relaxation rate ry [s7'], at 20 MHz, 37°C.
[Gd], in M, is the concentration of the Gd®* complex, and
[Gd-HSA], in M, is the concentration of the Gd** complex-
HSA adduct. The determination of the binding parameter
nK, [M™'] (K,: association constant; n: number of inde-
pendent binding sites on the protein) for the equilibrium :

Gd + HSA—=Gd—HSA 4)
is possible through the following equations :

~ [Gd—HSA]
Kn =G 7o 15A] )

By combining Equations (3) and (5) we obtain Equa-
tion (6), which allows the nonlinear fitting of the experimen-
tal data :

FULL PAPER

tageous spectroscopic characteristics, such as, long lumines-
cence lifetimes of the order of milliseconds, narrow emission
peaks, a large Stoke’s shift of >150 nm, and excellent water
solubility.®!! This extremely long luminescence lifetime of
lanthanide ions allows a time-resolved detection procedure
to be employed, because typical fluorescence lifetimes are
in the nanosecond region; that is, a delay time is set be-
tween the excitation pulse and the measurement of the lan-
thanide luminescence, during which the background fluores-
cence and scattered light decay to negligible levels.””! There-
fore, time-resolved luminescence measurements offer a
better signal-to-noise ratio, and the lanthanide luminescence
has been exploited in a number of useful detection systems
for time-resolved assays in the fields of medicine, biotech-
nology, and biological science.’” We prepared [Tb-5] and
[Tb-8] as homologues of [Gd-5] and [Gd-8], because the
Tb** ion possesses the same charge as Gd**, as well as simi-
lar ionic radius and coordination chemistry to the Gd**
ion.”¥ The synthetic schemes for [Tb-5] and [Tb-8] and de-
tails of the chemical characterization of compounds are pro-
vided in the Supporting Information. As regards the metal-
based luminescence properties, 25 pMm aqueous solutions of
[Tb-5] and [Th-8] (in 100 mm HEPES buffer; pH 7.4) were
relatively brightly luminescent upon excitation at 254 nm
with a TLC plate reader lamp, and these emissions of [Th-5]

and [Tb-8] were observed with

N K A+ K\B+1—/(KaA+ K\B+1)2—4K,?AB

the naked eye (see Supporting

Tiobs—Via = ("F'B+(”B_"F) 2K A

(6)

where A and B [both in M], are the total molar concentra-
tions of HSA and the Gd** complex, respectively. The fit-
ting of the experimental data into Equation (6) provided an
assessment of the binding strength, nK, [M~'], and the 7, re-
laxivity [mm's™], of the macromolecular adduct (%
[mM~'s7']) (see the Supporting Information). The interac-
tion strength of [Gd-8] with HSA was fairly strong (nK,=
7.0x10°M7") and the r, relaxivity of the paramagnetic mac-
romolecular [Gd-8]-HSA adduct (%) was 20mm's7!, at
20 MHz and 37°C, whereas the interaction of [Gd-5] with
HSA was rather weak (nK, <1.0x10*m™").

Further, we examined whether various other species of al-
bumins, such as, rat, bovine, and rabbit serum albumins,
could serve as host macromolecules for [Gd-8], like HSA.
When [Gd-5] (0.1 mM) was incubated with -galactosidase
(1.13 um), at 37°C, for 30 min, in PBS, with 4.5% wiv
human, rat, bovine, or rabbit serum albumin, all solutions
showed similar decreases of the longitudinal relaxation time
(T)) of water protons (see Supporting Information).

Time-resolved luminescence and UV/Vis absorption spec-
tra of [Tb-5] and [Tb-8]: The chemical properties of [Gd-5]
and [Gd-8] were further assessed by analyzing the lumines-
cence and chemical properties of the terbium trivalent ion
(Tb’*) complexes of chelator 5 and 8, [Tb-5] and [Tb-8]
(Figure 5). Lanthanide complexes, in particular complexes
of Tb** and Eu’* (the europium trivalent ion), have advan-
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Information).

First, the UV/Vis absorption
spectrum of [Th-5] (50 um) and
[Tb-8] (50 um) was measured in
100 mm HEPES buffer at pH 7.4, 25°C. The absorption
spectra of [Tb-5] and [Th-8] were similar, that is, [Th-5]
showed a A, at 279 nm tailing out to 330 nm, and [Th-8]
showed a 1,,,, at 281 nm tailing to 330 nm (Figure 6a). These
absorption spectra can be mainly ascribed to the biphenyl
substituent, because the bands observed in Tb** absorption
spectra are usually very weak, that is, molar absorption coef-
ficients (¢) of lanthanide(III) ions are usually
<1dm’mol em . Second, the time-resolved lumines-
cence spectrum of [Th-5] (50 um) or [Tb-8] (50 um) was
measured in 100 mm HEPES buffer (pH 7.4) upon excita-
tion of the biphenyl substituent (excitation at 280 nm) for
both [Tbh-5] and [Tb-8]. The time-resolved luminescence
spectra of [Th-5] and [Th-8], with a delay time of 50 ps, dis-
played four bands (490, 545, 586, and 622 nm), arising from
transitions from the emissive D, state to the ground-state
manifolds, ’Fg, 'Fs, ’F,, and 'F;, respectively (Figure 6b).2!#%]
On the basis of the above spectroscopic results, the biphenyl
substituent, which is the albumin-binding group, serves as a
sensitizing chromophore for Tb’* in the luminescent Tb**
complexes, [Tb-5] and [Th-8].

The time-resolved luminescence spectra, with a delay
time of 50 psec, of [Tb-5] (50 um) were measured in 100 mm
HEPES buffer at pH 7.4, 25°C excited at the absorbance
maximum (4,,,,) wavelength of the biphenyl group (280 nm)
during the enzyme (f-galactosidase) reaction. Addition of [3-

> x 1000
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Figure 5. a) Structures of Tb** complexes, [Tb-5] and [Tb-8], and sche-
matic view of a chromophore incorporated into a terbium emitter. The
emission from Tb** after excitation of the sensitizing chromophore on
Tb*>* complexes, [Tb-5] and [Tb-8], is shown. b) The general chromo-
phore-to-terbium-ion sensitization process. Light absorption and lowest-
lying singlet excited state (S,;) formation at the sensitizing chromophore
are followed by intersystem crossing (ISC), resulting in population of the
triplet excited state (T;) of the sensitizing chromophore. Subsequent
chromophore-to-Tb** energy transfer leads to a metal-centered emission,
which is derived from transitions from Tb’"-emitting states to the rele-
vant ground states.

galactosidase (113 nm) to an aqueous solution of [Th-5] re-
sulted in a decrease in the luminescence of Tb’* as shown
in Figure 6¢c. The luminescence intensity at 545 nm of the
[Th-5] solution decreased by about 43 % of the initial lumi-
nescence intensity when f3-galactosidase was added. HPLC
monitoring of the conversion of [Tb-5] into [Tb-8] con-
firmed the removal of the galactopyranose residue of [Th-5]
with a concomitant luminescence decrease (data not
shown). The kinetic parameters for the enzyme reaction of
[Th-5] with B-galactosidase were determined by measuring
the luminescence change of [Tb-5], because it is well known
that the linear relationship of the longitudinal relaxation
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Figure 6. Spectroscopic characteristics of solutions of [Th-5] and [Th-8]
upon addition of B-galactosidase. a) Absorbance spectra of 50 um aque-
ous solution (100 mm HEPES buffer, pH 7.4) of [Tb-5] and [Th-8] at
25°C ([Tb-5]: ———, [Tb-8]: —). b) Time-resolved emission spectra (ex-
citation at 280 nm) of [Th-5] and [Tb-8] (50 um) ([Th-5]: ———, [Th-8]:
——). These spectra were measured in 100 mm HEPES buffer at pH 7.4
and 25°C by using a delay time of 50 us and a gate time of 1.00 ms. The
bands arise from *D,—’F; transitions; the J values of the bands are la-
beled. ¢) Time-resolved emission spectra (excitation at 280 nm) of [Th-5]
(50 um) after the addition of B-galactosidase (113 nm) in 100 mm HEPES
buffer (pH 7.4) at 25°C. Time-resolved emission spectra of [Th-5] were
measured every 10 min (0~100 min) after the addition of f-galactosi-
dase.

rates, 1/7T}, of the water protons is valid only if the concen-
tration of the paramagnetic species, Gd**, is at the level of
mmol or submmol per kilogram of solvent (millimolality or
submillimolality),” whereas for the determination of the ki-
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netic parameters, the 3-galactosidase substrate concentration
should be in the range of several um~several hundred um.
Kinetic parameters K,, and k., were determined by direct
fitting of the initial velocity versus substrate concentration
data to the Michaelis—-Menten equation (see Supporting In-
formation). The values of K, k., and k. /K., of [Tb-5] for
B-galactosidase were 81.6 um, 2.7s7', and 33.1 mm ‘s, re-
spectively. For reference, the values for o-nitrophenyl B-5-
galactoside (ONPG) and phenyl B-,-galactoside (PG) for (3-
galactosidase have been reported to be K,,=100 and 90 pm,
ke =600 and 35s7!, k. /K, =6000 and 389 mm ' s~!, respec-
tively.” The reactivity of [Th-5] for p-galactosidase is likely
to be sufficient for the detection of enzyme activity in bio-
logical systems, on the basis of the kinetic parameters of
ONPG and PG, and the experimental data from refs. [10a,b]
and [26]. The k. /K, value of [Tb-5] is probably determined
by the structure of the biphenyl group which is the albumin
binding moiety,?” so it should be possible to modulate the
k../K,, value of [Th-5] for (3-galactosidase by modifying the
structure of the albumin binding moiety. Moreover, the re-
activity of [Th-5] with (-galactosidase appears to be much
higher than that of the (3-galactosidase-activated MRI probe
which was reported by Meade and co-workers.!"’
Luminescence and chemical properties of [Tb-5] and [Tb-
8]: We further investigated in the luminescence and chemi-
cal properties of [Tb-5] and [Tb-8], and these properties are
summarized in Table 2. The luminescence quantum yields
(¢) of [Tb-5] and [Th-8] were 0.4 and 0.2%, respectively,
under air-equilibrated conditions (Table 2). This result cor-
responds to the phenomenon of the luminescence intensity
decrease of [Th-5] in the presence of (3-galactosidase. These
luminescence quantum yields are relatively low, as com-
pared with those reported for highly luminescent lanthanide
complexes, ™ X but they are sufficiently large for lumines-
cence detection, as described above. Measurement of the
decay rate constants of the Tb**+ excited state for [Tb-5] and
[Th-8] were carried out in both H,O and D,0O. The lumines-
cence lifetimes of [Tb-5] and [Tbh-8] were found to be 0.77
and 0.23ms in HyO (ty,0), and 1.03 and 0.43 ms in D,O
(tp,0), respectively (Table 2). The luminescence lifetime of
[Tb-8] which is shorter than that of [Th-5] may cause the
difference of luminescence intensity between [Th-5] and
[Th-8]. These luminescence lifetimes also indicated that the

Table 2. Luminescence and chemical properties.

Compound @ [%]® Tho [ms]™ Tp,o [ms]* g
[Th-5] 0.4 0.77 1.03 1.35
[Th-8] 0.2 0.23 0.43 Ll

[a] Quantum yields were calculated by using quinine sulfate (¢ =0.546 in
1N H,S0,)P as a standard, and measured in 100 mm HEPES buffer;
pH 7.4. [b] In H,0O-based buffer (100 mm HEPES buffer, pH 7.4). [c] In
D,0-based buffer (100 mm HEPES buffer, pD 7.4). [d] The g values were
estimated by using the equation ¢"™=5(1/ty,0—1/7p,0—0.06), which
allows for the contribution of unbound water molecules.”®! [e] The che-
lated g value of [Th-8] was extremely large (9.8), and this value seems
not to reflect the number of coordinated water molecules to the centered
metal ion, Tb**. Other factors may account for this extremely large g
value.
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numbers of coordinated water molecules (g values) at the

metal center, Tb>T, were 1.35 and 9.8 for [Tb-5] and [Tb-8],

respectively (Table 2), according to Equation (7).
Number of water molecules :

q" = 5(1/t1,0—1/7,0—0.06) ™)

The g value of [Tb-5] is reasonable, considering the ex-
perimental data of longitudinal relaxation time (7)) and
long-lived luminescence measurements in this paper, and in-
dicates that [Tb-5] has approximately one water molecule
coordinated to the chelated Tb**. Further, in general, the
lanthanide trivalent ion (Ln**) (such as, Eu’*, Gd**, Tb**+)
complexes of DTPA-monoamide or DTPA-bisamide deriva-
tives, which have a coordination number of eight for Ln**,
have approximately one metal-bound water molecule.[*?!
23630 However, the g value of [Tb-8] was extremely large,
9.8, showing inconsistency with other experimental data
herein, and therefore this calculated value seems not to re-
flect the number of water molecules coordinated to the cen-
tral metal ion, Tb**. Other factors could account for this ex-
tremely large g value of [Tb-8], and the mechanism of this
abnormal feature of [Th-8] is now under investigation.

Conclusion

The Gd®* complex [Gd-5] is the first RIME-based B-galac-
tosidase-activated MRI contrast agent, and our design strat-
egy should be applicable to a range of new types of [3-galac-
tosidase-activated MRI contrast agents, which may possess
novel chemical characteristics, such as, various reactivity
with B-galactosidase, specific biodistribution in living speci-
mens and cells, differing extent of r, relaxivity change, and
so on. This bioactive MRI contrast agent [Gd-5] should be
useful for studies on the gene expression of lacZ in biologi-
cal systems.!'*51%

Experimental Section

All reagents were purchased from Tokyo Kasei Kogyo Co. Ltd. (Japan),
Wako Pure Chemical Industries Ltd. (Japan), or Aldrich Chemical Co.
Inc. (St. Louis, MO), and were used directly without further purification.
All solvents were used after distillation. B-Galactosidase [EC 3.2.1.23]
Sigma cat G 6008 (Grade VI: From Escherichia coli), HSA (human
serum albumin, 97-99 %) Sigma cat A 9511 (1 xcrystallized and lyophi-
lized), albumin from rat serum Sigma cat A 6272, BSA (bovine serum al-
bumin) Sigma cat A 7906 (minimum 98% electrophoresis), and albumin
from rabbit serum Sigma cat A 0764 (ca. 99 % agarose gel electrophore-
sis) were purchased from Sigma. Dulbecco’s phosphate-buffered saline
(D-PBS(—)) Sigma cat 14190-136 was purchased from GIBCO, and was
used as phosphate-buffered saline (PBS). Silica gel column chromatogra-
phy was performed by using BW-300, and Chromatorex-ODS (both from
Fuji Silysia Chemical Ltd., Japan). Amberlite IR-120 Plus(H) was pur-
chased from ICN Biomedicals, Inc. (USA). Chelex 100 resin (100-200
mesh, sodium form) was purchased from Bio-Rad Laboratories (USA).

Instruments: 'H and >C NMR spectra were recorded by using a JEOL
JNM-LA300 spectrometer. Mass spectra were measured by using a
JEOL-T100LC AccuTOF mass spectrometer (ESI™ and ESI"). HPLC
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purification was performed on a reversed-phase column, Inertsil Prep-
ODS 30 mmx250 mm (GL Sciences, Inc. (Tokyo, Japan)) fitted on a
Jasco PU-1587 system. Measurements of longitudinal water proton relax-
ation times (7;) were made by using an NMR analyzer operating at
20 MHz, 0.47 T (Minispec mq20, Bruker). Time-resolved luminescence
spectra were recorded by using a Perkin-Elmer LS-55 (Beaconsfield,
Buckinghamshire, England). UV/Vis spectra were obtained by using a
Shimadzu UV-1650PC (Tokyo, Japan). Normal fluorescence spectra were
measured by using a Hitachi F4500 spectrofluorometer (Tokyo, Japan).
Aqueous solutions of Tb’* complexes illuminated at 254 nm were photo-
graphed by using a Handy UV lamp (Handy UV Lamp, SLUV-4, AS O-
NE Co., Japan) (see Supporting Information).

Relaxation-time measurements: The longitudinal water proton relaxation
times, T;, of aqueous solutions of the Gd** complex [Gd-5] or [Gd-8]
were measured in phosphate-buffered saline (PBS, Dulbecco’s phos-
phate-buffered saline, pH 7.4) or PBS with albumin at 20 MHz, 0.47 T
(Minispec mq20, Bruker). The values of 7, were measured from 10
points generated by using the standard inversion-recovery procedure.
The r, relaxivity [mM ' s7'] of [Gd-5] or [Gd-8] was determined from
the slope of the plot of 1/7; versus [[Gd-5]] or [[Gd-8]] (0.25, 0.325, 0.4,
and 0.475 mM) in PBS or PBS with 4.5% w/v HSA at 25°C or 37°C.

HPLC analysis: The transformation of [Gd-5] or [Th-5] to [Gd-8] or
[Tb-8] was monitored by using HPLC analysis. The HPLC analysis for
the transformation of [Gd-5] to [Gd-8] was performed on a reversed-
phase column (Inertsil ODS-3 4.6x250 mm (GL Sciences); eluent, a 20-
min linear gradient, from 0 to 80% solvent B (solvent A, 0.1 m triethy-
lammonium acetate (pH 6.5); solvent B, acetonitrile/H,O 4:1); flow rate,
1.0 mLmin~'; UV 300 nm). The retention times of [Gd-5] and [Gd-8]
under these conditions were 9.1 and 11.5 min, respectively. The HPLC
analysis to measure the transformation of [Tb-5] to [Tb-8] was per-
formed by using a reversed-phase column (Inertsil ODS-3 4.6 x250 mm
(GL Sciences); eluent, a 70-min linear gradient, from 10 to 80 % solvent
B (solvent A, 0.1 M triethylammonium acetate (pH 6.5); solvent B, aceto-
nitrile/H,O 4:1); flow rate, 1.0 mLmin'; UV 280 nm). The retention
times of [Th-5] and [Tb-8] under these conditions were 7.7 and 14.9 min,
respectively.

T, relaxation time measurements of [Gd-5] with f-galactosidase: The
longitudinal relaxation 7; times were measured for [Gd-5] in the pres-
ence of f-galactosidase (113 nm) or heat-inactivated -galactosidase
(10 min at 80°C) at 113 nm, with 4.5% w/v HSA in PBS (pH 7.4), at
20 MHz, 0.47 T, at 37°C. The concentration of 3-galactosidase was calcu-
lated based on a monomer of My=116.3 kDa.’!! On HPLC analysis of
the reaction mixture, only two peaks of [Gd-5] and [Gd-8] were detected
at 300 nm.

Albumin binding study: The T, relaxation times of [Gd-5] (0.1 mm) or
[Gd-8] (0.1 mm) were measured in PBS (pH 7.4) with various concentra-
tions of HSA (0, 0.335, 0.67, 1.005, 1.34, 1.675, 2.01, 2.345, 2.68, 3.015,
and 3.35 mm). The concentrations of HSA were determined on the basis
of 4.5% wiv=~0.67 mm.I!"?I

Comparison of various species of serum albumins: The longitudinal
water proton relaxation times 7, of [Gd-5] or [Gd-8] were measured at
37°C in PBS (pH 7.4) in the presence of 4.5% w/v serum albumin from
four different species (human, rat, bovine, and rabbit) in the presence or
absence of (-galactosidase (1.13 pm).

UV/Vis absorption spectral measurements: The absorption spectra of
[Th-5] (50 um) or [Tb-8] (50 um) were measured at 25°C in aqueous solu-
tion buffered to pH 7.4 (100 mm HEPES buffer).

Time-resolved luminescence spectral measurements: The time-resolved
luminescence spectra of [Th-5] or [Th-8] (50 um, respectively) were mea-
sured in 100 mm HEPES buffer at pH 7.4, 25°C (excitation at 280 nm for
[Th-5] and [Th-8], respectively). The slit width was 10 nm for both exci-
tation and emission. A delay time of 50 s and a gate time of 1.00 ms
were used.

Kinetic studies: Kinetic parameters K, and k. were determined by
direct fitting of the initial velocity versus substrate ([Tbh-5]) concentration
data to the Michaelis—-Menten equation as shown in the Supporting Infor-
mation. The initial velocities were determined by monitoring the de-
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crease of the Tb** luminescence of [Th-5] solutions at 37°C in PBS
(pH 7.4) (excitation 280 nm, emission 545 nm) with a Hitachi F4500 spec-
trofluorometer, in the presence of f-galactosidase (151 nm) and various
concentrations of [Th-5] (5, 10, 20, 40, 80, and 160 um). The slit width
was 5 nm for both excitation and emission. The photomultiplier voltage
was 700 V.

Quantum yield measurements: The luminescence spectra were measured
with a Hitachi F4500 spectrofluorometer. The slit width was 2.5 nm for
both excitation and emission. The photomultiplier voltage was 700 V. The
luminescence spectra of [Tb-5] or [Tbh-8] were measured in 100 mm
HEPES buffer at pH 7.4, 25°C, with irradiation at 280 nm. The quantum
yields of Tb** complexes were evaluated by using a relative method with
reference to a luminescence standard, quinine sulfate (¢=0.546 in 1N
H,S0,).”"! The quantum yields of Tb** complexes can be expressed by
Equation (9)F :

D, /Dy = [Ast/Ax][nxz/ns&z][Dx/Dsl] (8)

where @ is the quantum yield (subscript “st” stands for the reference and
“x” for the sample), A is the absorbance at the excitation wavelength, n
is the refractive index, and D is the peak area (on an energy scale) of the
luminescence spectra. The samples and the reference were excited at the
same wavelength (280 nm). The sample and the reference absorbance at
the excitation wavelength were kept as low as possible to avoid fluores-
cence errors (A, <0.05).

Luminescence lifetime measurements: The luminescence lifetimes of the
Tb** complexes were recorded on a Perkin-Elmer LS-55 instrument.
The data were collected with a 10-psec resolution in H,O (100 mm
HEPES buffer at pH 7.4) and D,O (100 mm HEPES buffer at pD 7.4,
based on the equation pD =pH+0.40"%') at 25°C, and fitted to a single-
exponential curve obeying Equation (9) :

I =1Iyexp(—t/7) )

where [; and I are the luminescence intensities at the time =0 and time
t, respectively, and 7 is the luminescence emission lifetime. Lifetimes
were obtained by monitoring the emission intensity at 545 nm (excitation
at 280 nm).
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