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Abstract

A dinuclear Nd(I11) macrocyclic complex of 1 (1,4-bis[1-(4,7,10-tris(carbamoylmethyl)-1,4,7,10-
tetraazacyclododecane]-p-xylene) and mononuclear complexes of 1,4,7-tris-1,4,7,10-
tetraazacyclododecane 2, and 1,4,7-tris[(N-N-diethyl)carbamoylmethyl]-1,4,7,10-
tetraazacyclododecane, 3, are prepared. Complexes of 1 and 2 give rise to a PARACEST
(paramagnetic chemical exchange saturation transfer) peak from exchangeable amide protons that
resonate approximately 12 ppm downfield from the bulk water proton resonance. The dinuclear Nd
(111) complex is promising as a PARACEST contrast agent for MRI applications because it has an
optimal pH of 7.5 and the rate constant for amide proton exchange (2700 s™1) is nearly as large as it
can be within slow exchange conditions with bulk water. Dinuclear Lny(1) complexes (Ln(111) = Nd
(111), Eu(111)) bind tightly to anionic ligands including carbonate, diethylphosphate and DNA. The
CEST amide peak of Nd»(1) is enhanced by certain DNA sequences that contain hairpin loops, but
decreases in the presence of diethyl phosphate or carbonate. Direct excitation luminescence studies
of Eu,(1) show that double-stranded and hairpin loop DNA sequences displace one water ligand on
each Eu(l11) center. DNA displaces carbonate ion despite the low dissociation constant for the
Eu,(1) carbonate complex (Kq = 15 uM). Enhancement of the CEST effect of a lanthanide complex
by binding to DNA is a promising step toward the preparation of PARACEST agents containing
DNA scaffolds.

INTRODUCTION

CEST (chemical exchange saturation transfer) agents are a promising new class of MRI
contrast agent. Contrast is produced by applying a presaturation pulse at the resonance
frequency of NH or OH protons of an amino acid, sugar, nucleotide or other metabolite.
Transfer of the proton magnetization to the bulk water through chemical exchange results in
the reduction of the bulk water signal.(1) The chemical shifts of the diamagnetic NH or OH
protons are only 2-5 ppm different than that of bulk water, which makes it difficult to avoid
direct saturation of the bulk water.(2-5) This limitation is overcome by forming complexes
with lanthanide ions. Paramagnetic lanthanide CEST agents (PARACEST agents) possess
mobile protons such as OH, NH of chelating amide or alcohol ligands or water ligands with
resonance frequencies that are often more than 20 ppm away from that of bulk water.(6-8)

For CEST agents, the maximum reduction of the bulk water signal is reached when the
magnetization of the nuclei of exchangeable protons are completely saturated and the bulk
water protons are not directly irradiated by the presaturation pulse that excites the exchangeable
protons.(8) This condition is met when the presaturation pulse power is optimized and the

Janet R. Morrow, E-mail: jmorrow@buffalo.edu, phone: 716-645-6800-2152, fax: 716-645-6963.

Supporting information available: CEST spectra and Eu(l11) excitation luminescence titrations with DNA with binding curves. This
information is free of charge via the internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nwe et al.

Page 2

chemical shift difference between exchangeable protons and bulk water protons (Aw) is large
enough so that direct irradiation of the bulk water resonance is negligible. Under these
conditions, the saturation transfer percent (ST%) is expressed as shown in eqg. 1 where | is the
signal intensity of the bulk water protons taken immediately after pulse is applied to the
exchangeable (mobile) protons of CEST agent, Iy the initial intensity of bulk water protons in
the absence of saturation, key is the exchange rate constant, n is the number of saturated protons
per CEST molecule, C is the concentration of the CEST agent and T is the longitudinal
relaxation time of bulk water protons.(6)

ST%:(] - ]L) 100= kex[Cln 100

1112
0 T thex Cln (1)

An important goal in the development of PARACEST contrast agents is to decrease the
concentration of agent required. One option is to increase the number of exchangeable protons
(nin eq. 1). This has been accomplished through studies on macromolecules with multiple
exchangeable groups such as a dendrimers,(9,10) albumin,(11) poly-U(12) or peptides(13) as
CEST agents. Sherry’s studies on Yb(I11) complexes with pendent amide groups featured eight
amide protons in two sets of four equivalent protons.(14) To further increase the number of
exchangeable protons, we linked two macrocyclic complexes together to produce dinuclear Ln
(1) complexes with twelve amide protons (Chart 1). A potential drawback in this design is
that the amide protons in these complexes are chemically inequivalent. For Ln(2), all amide
protons for the commonly observed capped square antiprism diastereomer are inequivalent.
The presence of an additional diastereomer such as a capped twisted square antiprism would
give rise to second set of resonances. For Lny(1), there are two such Ln(l11) centers. In practice,
however, the chemical shift of the amide resonances may be sufficiently similar to produce
overlapping resonances that increase the efficiency of the CEST agent.

In addition to their large number of exchangeable protons, dinuclear Ln(I11) complexes have
unique binding properties for small molecules. Such specific binding events may lead to new
MRI responsive agents that report on the concentration of metabolites or macromolecules.
(15-17) For example, dinuclear complexes of Eu(l11) bind more strongly to phosphate esters
than do their mononuclear analogs.(18) Dinuclear Ln(l111) complexes of macrocycles related
to 1 bind to compounds containing carboxylates.(19) An anion of primary importance for the
application of these dinuclear Ln(l11) complexes as PARACEST that has not been
quantitatively studied is carbonate. Carbonate is present in milimolar concentrations in most
tissues in the body and many lanthanide complexes bind carbonate strongly.(20,21) Thus the
influence of carbonate complexes on the CEST properties of these lanthanide complexes is of
interest.

Macromolecule binding to Ln(111) complexes modulates their CEST properties by changing
the rate of proton exchange and the chemical shift of the mobile protons. This has been
demonstrated for Ln(111) complexes of proteins including albumin and ferritin.(11,22) A further
example includes a supramolecular Tm(I11) complex of poly-L-arginine that gives rise to an
intense CEST effect (6). By contrast, the effect of nucleic acid binding to Ln(I11) complexes
that are PARACEST agents has not yet been reported despite interest in using contrast agents
to monitor DNA delivery for gene therapy(9,12,23,24) and to use DNA as a scaffold for
attaching multiple Ln(111) contrast agents.(25)

Here we report on a Nd(l11) dinuclear complex that functions as a PARACEST agent through
exchange of amide protons. Comparisons are made to two mononuclear complexes. The most
efficient CEST agent of these complexes, Ndo(1), binds DNA and certain DNA sequences to
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give an increased CEST effect. DNA and carbonate binding are further characterized by direct
excitation lanthanide luminescence spectroscopy studies of the Eu,(1) analog.

EXPERIMENTAL SECTION

Materials

Ln(CF3S03)3 salts were purchased from Aldrich. Synthetic DNAs were purchased from
Integrated DNA Technologies (IDT) in desalted form and the different oligonucleotides were
annealed by heating to 90 °C for 10 minutes and allowed to cool to room temperature overnight.
1,4-bis[1-(4,7,10-tris(carbamoylmethyl)-1,4,7,10-tetraazacyclododecane]-p-xylene (1) was
prepared as described previously.(18) Syntheses of 1,4,7-tris(carbamoylmethyl)-1,4,7,10-
tetrazacyclododecane (2) and 1,4,7-tris[(N-N-diethyl)carbamoylmethyl]-1,4,7,10-
tetraazacyclododecane (3) have been reported elsewhere.(18) Milli-Q purified water was
boiled and bubbled with nitrogen gas for one hour prior to use in CEST experiments or in
luminescence measurements to minimize carbonate concentrations.

Instrumentation

An Orion research digital ionalyzer, Model 510, equipped with a temperature compensation
probe was used for all pH measurements. All 1H and 13C NMR were recorded on a Varian
Gemini-300, Varian Inova-400 or Inova-500 spectrometer. A Beckman Coulter DU® 640 UV-
vis spectrophotometer equipped with a high performance peltier temperature controller was
utilized for all thermal melting experiments. Data was fit by using the Meltwin 3.5 program.
The melting temperatures for HP1 and HP2 (Chart 1) were independent of concentration over
the range 40-200 uM DNA, consistent with a hairpin loop structure. Values of T, for HP1,
HP2 and GGCCGGCC (50 uM) were 60 °C, 63 °C, 60 °C, respectively at pH 7.0 with 20
mM HEPES, 50 mM NaNO3. Addition of an equivalent of Nd,(1) increased the T, of all
sequences by 2-3 °C.

Ln(lll) complexes

The Nd(I11) complex was prepared by heating Nd(CF3S03)3 and the macrocyclic ligand (1)
to reflux in dry methanol for eight hours. In a typical preparation, 0.200g (0.253 mmol) of
ligand and 0.301 g (0.507 mmol) of Nd(CF3S03)3 were heated to reflux in 20 mL of dry
methanol for 8 h. The solvent was reduced to 1 mL and chloroform was slowly added until a
precipitate formed at the bottom of the flask. The precipitation was repeated one more time.
The supernatant was decanted and the solid was dried under vacuum to give a white solid.
Yield 90%. 13C NMR (300 MHz, D,0): § = 19.3, 30.8, 32.5, 34.5, 44.8, 51.8, 60.2, 130.0,
131.8, 175.3. Anal. Cald for C42H64N14024F1836Nd2 C 23.89, H 2.96, 8.87. Found C 23.78,
H 2.88, N 8.75. The synthesis of Eu(l11) complex of ligand 1 has been reported elsewhere.
(18) This procedure was modified to reduce the concentration of the carbonate complex. The
complex was formed in an aqueous solution by incubation of 1.00 mM ligand 1, 2.00 mM Eu
(CF3S03)3 and 20.0 mM HEPES (pH 7.0) over a period of an hour. Complex formation was
verified by Eu(l1l) luminescence spectroscopy and by ESI-MS spectroscopy. In a few
experiments, 25 mM Pb(NO3), was added to the Euy(1) solution to precipitate adventitious
carbonate as Pb(CQOs3). To remove the excess Pb(I1), 25 mM NaCl followed by 25 mM NaOH
(carbonate free) were added to bring the solution to neutral pH. The solution was vortexed for
30 seconds and spun in a refrigerated Savant p-SpeedFuge SFR 13K centrifuge for 60 min at
an RFC of 13,000 g. The supernatant was removed from the white pellet. Nd(111) complexes
of ligand 2 and 3 were prepared by heating Nd(CF3SO3)3 and the macrocyclic ligands to reflux
in dry methanol for eight hours. The solvent was then reduced to 1 mL and chloroform was
slowly added until a precipitate formed at the bottom of the flask. Nd(2) Yield 90%. ESI m/e:
783, 784, 785, 786, 787, 789, 790 ([Nd(2)](CF3S03)3 — (CF3S03")). 13C NMR (300 MHz,
D,0): 6 =22.1, 23.3, 28.5, 38.3, 40.8, 62.0, 152.5, 176.8. Anal. Cald for
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C17H29N701,FgS3Nd: C 21.99, H 3.30, 10.22. Found C 21.94, H 3.21, N 10.38. Nd(3): Yield
90%. ESI m/e: 951, 952, 953, 954, 955, 957, 959 ([Nd(3)](CF3SO3)s - (CF3S037)). 13C NMR
(300 MHz, D,0): § = 13.5, 14.0, 38.5, 42.0, 43.1, 44.8, 47.5, 48.2, 49.2, 50.5, 160.8, 172.6.

Anal. Cald for CpgHsN7015FgSgNd: C 27.55, H 4.18, N 7.41. Found C 27.62, H 4.16, N 7.28.

NMR Measurements

All experiments were carried out on a Varian Inova 500 MHz spectrometer operating at 11.75
T. The saturation transfer experiments were carried out at 298 K by irradiating the sample at
1 ppm incremental steps. The presaturation pulse power was 1,000 Hz except where noted.
The sample contains 10 mM HEPES buffer (pH 6.5-8.0) and 50 mM NaNOs. An insert coaxial
NMR tube was utilized and the volume of the sample was 100 puL. CEST spectra were measured
by recording the bulk water signal intensity as a function of presaturation frequency (in ppm).
Studies were conducted using a presaturation pulse irradiation over the range of 20 to —20 ppm
with a fixed irradiation time of 3s. CEST spectra were obtained by plotting the intensity ratio
of bulk water signal in the absence of presaturating RF pulse (Ip) and presence of RF irradiation
(1) against the frequency of the RF pulse (in ppm). Figure S1 shows CEST spectra as a function
of irradiation (saturation) time. The spectra show only minor differences and the CEST effects
are also nearly identical at around 12 ppm where proton exchange occurs. This is an indication
that the efficiency of saturation transfer (ST) reaches a steady state value, and also that the
exchange between amide NH and bulk water protons reaches equilibrium with 3 s of irradiation
time, (6, 26) the value used for all CEST data acquisition here.

The longitudinal relaxation time (T4) of bulk water protons was measured by inversion recovery
method. This was done by applying a 180° pulse to invert the magnetization of the bulk water
protons followed by a 90° pulse prior to acquisition. Upon completion of the acquisition, Varian
Inova software was used to calculate the T4 value based on the experimental data. Triplicate
measurements of T4 on different samples and different days gave values that were reproducible
to £ 40%.

Luminescence Spectroscopy

Eu(l11) excitation spectra and excited state lifetimes were obtained using a Spectra-Physics
Quanta Ray PRO-270-10 Q-switched Nd:YAG pump laser (10 Hz, 60 mJ/pulse) and a MOPO
SL for all luminescence measurements.(27) The ’Fy — Dy, transition of the Eu(l11) ion was
scanned between 578 and 581 nm while the 5Dy — F5 emission band was monitored at 614
nm using a band pass filter. Excitation spectra were fit by using the program Peak Fit 4.12
(Jandel). Time resolved luminescence measurements were collected by using a digital
Tektronix TDS 3034B oscilloscope. Five data sets per wavelength were fit to a single
exponential decay by using Graphpad Prism 4 (Graphpad Prism Software, Inc.) and averaged.
The number of bound waters, g, was estimated by using equation 2 (28,29) where A is specific
to Eu(11) (1.2 ms), and koo and kpop are the rate constants for luminescence decay in H,O
and D,0, respectively. The Knne=oterm is for quenching by amides 0.075 ms™ and & is the
number of amide groups in the innersphere (3 amides) and a is the total outersphere quenching
0.25ms L.

q=Akyno — kpyo — Okyyco — @) (2)

DNA binding curves were fit to equation 3 for a simple solution system that involves non-
competitive tight binding of metal complex to multiple binding sites on DNA.(30) Here Iy and
| are the luminescence intensity in the absence and presence of nucleic acid, Ry, is the
luminescence intensity of the bound complex, M is concentration of the complex, Ky is the
dissociation constant, n is the number of bases per binding sites, A is the nucleic acid
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concentration, X is equal to the concentration of DNA times the number of bases in the
sequence. The solution includes 25 uM complex, 20 mM HEPES buffered at pH 7.0, 50 mM
NaNOs3 and 5-50 uM nucleic acid.

Rb n n 2
I - 1y))=0.5(—)3 —+nM+Ax — [(——+nM+Ax) —4nMAx
n’ | Ky K4 3

For simple substrates with 1:1 binding stoichiometry, data was fit to equation 4. Iy and | are
the luminescence intensity in the absence and presence of nucleic acid, 1;x is the maximum
luminescence intensity, M is the concentration of Euy(1), L is the sodium bicarbonate
concentration, Ky, is the dissociation constant. The solution includes 20 uM complex, 20 mM
HEPES buffer, 50 mM NaNO3z and 20-300 pM concentrations of sodium bicarbonate. This is
a method to determine equilibrium binding constant using a non-linear least squares fit of the
experimental data.(31)

(M+L+Ky) — \(K;+M+L)> — (4« M = L)

(= 10)=(yx) 2+ L )

CEST Spectra

The CEST spectrum of Nd,(1) is shown in Figure 1. The vertical axis shows the percent
reduction of the intensity of the bulk water peak upon irradiation with a presaturation pulse in
1 ppm steps over the range 25 to —25 ppm with the bulk water resonance set at 0 ppm. There
is a broad shoulder observed at approximately 12 ppm downfield from the bulk water proton
resonance that we attribute to the protons of the NH groups. This assignment was supported
by a CEST study of a Nd(I1) derivative that lacks NH groups (see below). The only other
exchangeable protons are from water ligands and these are expected to exchange too fast to
observe a CEST signal. Attempts to assign the NH amide proton resonances by H NMR studies
of Nd»(1) in H,O failed (Figure S2), even at lowered temperatures (5 °C) where slower
exchange rate constants may facilitate the observation of these resonances. The absence of a
proton resonance in the chemical shift range of the CEST shoulder is attributed to broadening
of the NH protons by exchange with water. As discussed below, the rate constants for NH
proton exchange is fast in comparison to other lanthanide amide complexes and the observed
rate constant suggests that the Nd(I11) complex is at the limit of the NMR spectroscopy slow
exchange regime.

The CEST spectrum of the Ndy(1) complex was further investigated as a function of
concentration and pH (Figure 1 and Figure 2). The CEST enhancement upon increasing pH in
the 6.5-7.5 interval is consistent with previously observed enhancements due to base catalysis
of the exchange of the amide protons.(32) A decrease in the CEST enhancement at the 12 ppm
shoulder concomitant with a shift of the CEST peak toward the bulk water peak (Figure S3)
suggests that exchange becomes even more rapid at pH 8.0, leading to the loss of the CEST
peak as the NH peak begins to merge with the bulk water peak at high pH values. The
concentration dependence of the CEST spectrum of Nd,(1) is shown in Figure 1.

Figure 3 shows that the dinuclear Ndy(1) complex has a stronger CEST amide NH peak than
the mononuclear Nd(2) complex at equivalent concentrations. This is presumably due to the
larger number of exchangeable amide NH protons in Nd(1) compared to Nd(2), although as
noted above, both complexes have several sets of chemically distinct NH protons. For
comparison, Figure 3 shows a CEST spectrum of the Nd(I11) complex of 3, a ligand lacking
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NH groups. Nd(3) has no discernable CEST peak and only shows a peak for direct irradiation
of bulk water. This suggests that the CEST effect centered around 11 ppm for Nd(2) and 12
ppm for Nd»(1) are for amide NH protons. Nd(I11) macrocyclic complexes with peptide pendent
groups have NH CEST peaks with similar chemical shifts.(33)

By contrast, the Eu,(1) complex has no observable CEST peaks under these conditions (Figure
S4). This result is similar to previously reported mononuclear Eu(I11) complex analogs that
have a barely discernable NH CEST shoulder because their amide NH resonance is very close
to the bulk water resonance.(33, 34)

To estimate the rate constant for NH proton exchange, a concentration study for the saturation
transfer of Nd,(1) ranging from 5-20 mM was carried out. The plot of the saturation transfer
(ST, eq. 1) efficiency as a function of concentration is shown in Figure 4. The data is fit to eq.
1 to give an exchange rate constant of key of 2700 s~ for a measured longitudinal relaxation
time (T) of bulk water protons of 0.18 s.

Our interest in the design of lanthanide(l11) DNA conjugates as MRI contrast agents led us to
study the interaction of Ndy(1) with phosphate esters and DNA to determine whether certain
DNA structural elements might support or even enhance the CEST effect (Figure 6, Chart 2).
Addition of diethylphosphate (DEP) led to a slight decrease in the CEST peak attributed to the
NH group (Figure S5). By contrast, certain structured DNA sequences modestly increased the
CEST shoulder at 12 ppm. The hairpin DNA (HP1) was the most efficient (Chart 2) with a
15% enhancement of CEST over the complex alone upon addition of 0.50 mM DNA (Figure
5). Mutation of the closing base pair gives a DNA sequence that enhances the CEST spectrum
to a smaller extent at 5%. This suggests that the CEST efficiency is dependent on structural
differences in the DNA that are dictated by the closing base pair. In comparison, neither the
self complimentary oligonucleotide GGCCGGCC, nor single-stranded T5 measurably affects
the CEST spectrum under similar conditions (data not shown).

The effect of carbonate on the CEST spectrum of Ndy(1) was examined. Addition of an
equivalent of carbonate to the dinuclear complex at pH 7.4 gave a decrease in the amide CEST
peak (Figure S6), consistent with suppression of the NH amide CEST effect for the carbonate
complex. Addition of Pb(NO3), to a solution of Ndy(1) to sequester carbonate had little effect
on the CEST spectrum. This result suggests that freshly prepared and degassed solutions of
Nd»(1) do not contain carbonate complexes in appreciable quantities. Interaction of Lny(1)
with carbonate and DNA was studied quantitatively by using luminescence spectroscopy for
the Eu(l11) analog (see below).

Luminescence spectroscopy

Direct excitation luminescence spectroscopy of the Eu,(1) complex was studied to probe
interactions with phosphate esters, DNA and carbonate. The ’Fg — 5Dy transition for Eu(l11)
is between two non-degenerate levels and thus useful for determining the number of species
in solution. The 'Fy — °Dy excitation spectrum of Eu,(1) is shown in Figure 6. As shown
previously,(18) the major peak at 579.82 nm is attributed to the dinuclear complex with four
bound water ligands (Eu(1)(H20),) and the red-shifted shoulder and peak at 580.22 and
580.53 nm are attributed to a carbonate complex that forms in water at neutral pH upon exposure
of the complex to the atmosphere or upon addition of carbonate ion in buffered solutions. For
selected studies, the concentration of carbonate complex was reduced to obtain a solution with
predominantly (Eu,(1)(H20),4). This was accomplished by treating the Euy(1) complex with
Pb(NO3), to form insoluble Pb(CO3) followed by precipitation of any remaining Pb(I1) with
chloride ion.
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Addition of carbonate to solutions containing Eu,(1) gives rise to two pronounced excitation
peaks at 580.20 and 580.45 nm (Figure 6). These two peaks are attributed to two different
isomers, both of which have bound carbonate and have low g values of 0.5 to 0.6 (Table 1).
The small peak at 578.74 nm that grows in with increasing carbonate concentration is assigned
as the free Eu(l1) ion.(27) A plot of the luminescence intensity as a function of bicarbonate
gives a binding isotherm with a Ky of 15 pM by fitting the data to eq. 4.

Titration of Euy(1) with HP1 DNA gives a decrease in the major excitation peak to give a new
peak that is slightly blue-shifted (579.69 nm). A plot of the change in luminescence intensity
as a function of DNA gives a binding constant of 2.5 uM and n=8.2 (number of bases in binding
site) by fitting the data to eq. 3 (Figure 7). HP2 DNA and the self-complementary
GGCCGGCC DNA give similar excitation peaks and binding curves with dissociation
constants of 4.2 uM (n=12) and 28 uM (n=6.9), respectively (Figure S7, S8). By contrast,
T5 has only a small effect on luminescence intensity (Figure S9) and a plot of this change in
intensity with DNA concentration suggests that binding is weak under conditions of the
titration. Luminescence lifetime studies show that there is a reduction in the number of bound
waters on each Eu(l11) center of the aqua complex (excitation at 579.82 nm) upon DNA binding
to hairpin or double-stranded DNA (Table 1). In addition, excitation luminescence studies of
the Eu,(1) carbonate complex treated with DNA (Figure S10) show that the carbonate ligand
is displaced by DNA.

DISCUSSION

Nd,(1) shows a more pronounced CEST effect than the mononuclear complex Nd(2) under
the conditions studied here, corresponding to the larger number of mobile amide protons for
the dinuclear complex at equal concentrations of complex. In addition, the relatively large
exchange rate constant for Nd,(1) amide protons (2700 s™1) contributes favorably to the
efficiency of CEST. By comparison, mononuclear Nd(I11) complexes have NH proton
exchange rate constants that range from 125 s™1 to 826 s™1 .(14,32) The rate constant for
Ndo(1) is nearly as large as it can be (6500 s~1 ) before slow exchange conditions no longer
hold Awe ©>1. Notably, peaks in the CEST spectrum are observed for mobile protons that
approach or even exceed this limit whose resonances are consequently broadened into the
baseline.(16)

The solution chemistry of Ln,(1) complexes are dominated by carbonate complex formation.
Indeed, isolation of a carbonate free complex of Euy(1) is difficult in aqueous solution without
the addition of a carbonate sequestering agent. Eu,(1) binds carbonate more strongly than
related monomeric complexes.(18) This is consistent with the propensity of the dinuclear
complex to bind tightly to anions including phosphate esters, carbonate and sulfonates.(18) An
increased affinity for anions is attributed in part to the aromatic linker which leads to increased
Lewis acidity of the Ln(l11) centers as well as the possible interaction of anions with both Ln
(11) centers. The two distinct excitation peaks for the carbonate complex are attributed to two
isomers. One possibility is that the two isomers have similar numbers of bound waters, based
on their nearly identical g numbers derived from luminescence lifetimes. However, the non-
integral g number for the isomers (0.5 and 0.6) suggests an alternate explanation. The two
carbonate complex isomers that give rise to two distinct excitation peaks may actually differ
by number of bound water molecules (q values of approximately 1 and 0), but are in rapid
exchange on the luminescence emission time scale to give an apparent g that is the average of
the two complexes.(35) This case would be similar to the hydration isomers observed for Eu
(EDTA)(H,0)y (x = 2 or 3)(27,36) that give rise to two excitation peaks but a single
luminescence lifetime. For the complexes here, an equilibrium between a bidentate carbonate
complex with g = 0,(37) and a monodentate carbonate complex with a g = 1 would be involved.
The relatively large difference in the excitation peak frequencies is consistent with this
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alternative. Also supportive of this assignment is that other carbonate complexes we have
reported to date, including both dinuclear and mononuclear Eu(l11) complexes of septadentate
macrocycles, have two peaks at similar frequencies to those observed here.(18) These
similarities suggest that the isomers do not involved interactions that are specific to dinuclear
complexes such as bridging carbonate.

Excitation luminescence studies of complexes related to Eu,(1) show that DEP coordinates to
dinuclear Eu(l11) complexes with a binding constant of 0.43 mM.(18) Luminescence lifetime
studies are consistent with displacement of one water molecule at each Eu(l1l) center upon
DEP binding.(38) Assuming a similar binding constant between Nd»(1) and DEP, DEP should
be fully bound in the CEST experiment shown in Figure S5. Binding of DEP results in a 10%
decrease of the amide CEST peak of the Nd(I11) complex. The origin of this decrease may
involve a change in the rate constants for amide proton exchange upon binding of DEP
mediated by a change in the Lewis acidity of the metal ion center upon complexation of
DEP. Alternately, there may be a change in the chemical shift dispersion of the different amide
protons for the Nd(111) complex of DEP so that the CEST peak shape is changed. A similar
decrease in the CEST amide peak is observed for carbonate binding to Nd,(1). Thus,
complexation of either of these two simple anionic ligands leads to a decrease in the CEST
amide peak of Ndy(1).

The preparation of biopolymers, polymers and nanoparticles conjugated to multiple copies of
CEST agents is of interest in order to increase the number of CEST agents at a targeted tissue.
(15,39-41) For Ln(111) PARACEST agents, the close proximity of a biopolymer may give rise
to changes in the CEST peaks attributed to the influence of the biopolymer environment on
the complex.(22) Thus, it is important to choose an environment that supports or enhances the
CEST effect. Typically, interactions of Ln(111) PARACEST agents with other molecules leads
to changes in the rate constants for the mobile protons and this may either enhance or decrease
the CEST effect.(16,17) In some cases, Ln(l11) complexes form supramolecular complexes
that induce hyperfine shifting of multiple macromolecular protons to enhance the CEST effect.
6 In addition to proteins, DNA is of interest for conjugation of lanthanide MRI contrast agents.
(24,25) Our work here shows that Euy(1) and Ndy(1) complexes interact strongly with DNA
and that both binding strength and CEST effect modulation are dependent on DNA secondary
structure.

Titration of the Eu,(1) complex with HP1, HP2 and the GGCC stem leads to a decrease in
luminescence intensity to form a new complex with a single bound water for each Eu(l11) center
(g =1, Table 1). Fitting of the data to a binding isotherm for DNA sequences with multiple
binding sites shows that all three DNA sequences bind tightly to Eu,(1) with binding constants
that are in the micromolar range. The large binding site sizes for the hairpins (n = 8-11) are
most consistent with one to two Euy(1) complexes bound to DNA. For the GGCC stem, data
is most consistent with two Euy(1) binding sites. In any case, this data suggests that, under the
conditions of the CEST experiments which contain higher concentrations of Nd(I11) complex
and DNA, all DNA is bound to the lanthanide complex. Only single-stranded T5 binds weakly
to the dinuclear complex, demonstrating that double helical DNA is required for tight binding.
The tight binding constants of the hairpin loops and double-stranded DNA led us to initially
anticipate that these DNA sequences would have similar effects on the CEST spectrum of
Nd»(1).

Modulation of the CEST spectrum is, however, DNA sequence dependent. The CEST peak of
Nd»(1) increases upon addition of the hairpin DNA sequences but not with addition of the

GGCC stem or T5. At this juncture it is not known which protons in the Nd,(1) bound DNA
complex give rise to the CEST peak. It is likely that, given the large number of amide protons
of the Nd(I11) complex and the presence of this complex in excess over DNA, the CEST peak
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results from a favorable increase in the amide proton exchange rate by interaction of the
complex with DNA. In addition, it is noteworthy that nucleic acids such as poly U act as CEST
agents through both amide NH and alcohol protons. However, the exchangeable DNA amide
protons would have to be hyperfine-shifted by the Nd(111) complex(12) to produce the observed
CEST peak in our studies. Our data suggest that there is a specific interaction of the Nd»(1)
complex with the hairpin loop of HP1 that enhances the CEST peak at 12 ppm. This is supported
by the lack of an effect of the GGCC-stem sequence on the CEST spectrum despite strong
binding of this DNA to the Ln(l11) complex. Even more remarkable is the fact that a change
in the hairpin closing base pair (CG to GC) affects the Nd,(1)-DNA complex CEST intensity
although both hairpins bind nearly equally as strongly. Given the important role of the closing
base pair on DNA hairpin loop structure,(42) this data suggests that loop structure is important
in the association of the complex. The limited number of DNA secondary structures studied
here prevents us from formulating rules for effective enhancement of Ln(l11) CEST agents.
Our data suggest, however, that secondary structures such as hairpin loops that have been
shown to bind lanthanide ions such as the thymidine triloop studied here(43) give rise to
increased CEST effects. Speculation on the mode of Ln(I11) complex DNA interactions is
premature, but it is noteworthy that a simple phosphate diester decreases the CEST effect. DNA
of a particular sequence and structure gives rise to the modestly enhanced CEST spectrum of
the Nd»(1)-DNA complex.

CONCLUSIONS

The presence of a large number of exchangeable amide protons in combination with a relatively
rapid amide proton exchange rate in the Ndo(1) complex suggests that further development of
dinuclear complexes as PARACEST agents is warranted. Binding of carbonate to complexes
of Lny(1) will influence the solution and PARACEST properties of these complexes in
biological systems where carbonate concentrations are high. Interestingly, the carbonate acts
as a masking agent that is readily displaced by anionic ligands such as DNA that bind even
more strongly than carbonate. This work shows that DNA complexes of PARACEST agents
are promising for the design of new nanosized biocompatible systems that use DNA as a carrier
or as a scaffold. The position of lanthanide ion complex conjugation to DNA and the secondary
structure of the DNA conjugate, however, require further study to optimize the CEST effect.
This will require the study of different DNA sequences toward a better understanding of the
basis for the modulation of the PARACEST effect by macromolecule binding.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CEST spectra of 5.0 mM (¢), 10 mM (o), 15 mM (0) and 20 mM (=) Nd»(1) at pH 7.0, 10 mM
HEPES, 50 mM NaNOs, 25 °C.
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Figure 2.
The pH dependence of saturation transfer (ST) efficiency of Nd,(1) at 25°C, 10 mM buffer,
50 mM NaNOs.
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Figure 3.
CEST spectra of 5.0 mM Ndy(1) (o), 5.0 MM Nd(2) (o) and 5.0 mM Nd(3)(8), B1 = 1,200 Hz,
at pH 7.0, 10 mM HEPES, 50 mM NaNOg, 25 °C.
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Figure 4.
Saturation transfer (ST) effect as a function of Nd,(1) concentration with 50 mM NaNOj3 at
pH 7.0 and 25 °C. The data was fit to eq. 1 to obtain a key of 2.7 x 103 s71.,
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Figure 5.
CEST spectra of Ndy(1) 5.0 mM (0) titrated with 0.20 mM (6) and 0.50 mM (o) HP1 at pH
7.0, 10 mM HEPES, 50 mM NaNOs3, 25 °C.
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Figure 6.

The effect of carbonate on the 'Fo — °Dy excitation band of Eu,(1) for solutions containing
25 UM Eu(1), 20 mM HEPES, pH 7.0, 50 mM NaNOs (top). Data are fit to eq. 4 with a Kd
of 15 uM (bottom).
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"Fo — 5Dy excitation spectra (°Dy — ’F, emission) of solutions of 25 uM Euy(1) titrated with
HP1 DNA at pH 7.0, 20 mM HEPES, 50 mM NaNOs (top). Data are fit to eq. 3 with a K of

2.5 uM and n of 8.2 (bottom).
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CGCAC T CGCAGy T CCGGCCGG

HP1 HP2 GGCC-Stem

Chart 2.
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