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Abstract

A previous report demonstrated that EUDO3A could be used as an NMR shift reagent for imaging
extracellular lactate produced by cancer cells using CEST imaging. In this work, a series of
heptadentate macrocyclic YbDO3A-trisamide complexes with &-chiral carbons in the three
pendant side-arms were examined as shift reagents for lactate detection. High resolution 1H NMR
spectra and DFT calculations provided evidence for the formation of stereoselective

lactate- YbDO3A-trisamide complexes each with a different CEST signature. This stereoselectivity
allowed discrimination of D-versus L-lactate by both high-resolution NMR and CEST. This work
demonstrates that lanthanide-based paramagnetic shift reagents can be designed to detect
important metabolites by CEST MRI selectively.
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1. INTRODUCTION

The binding of biologically important molecules to paramagnetic lanthanide DO3A-type
complexes offers new avenues for molecular imaging of such species.1 Lactate, for
example, is overproduced in most cancers yet methods to quantify lactate production in vivo
lack especially methods that can distinguish intracellular lactate from extracellular lactate.>6
Recently, Zhang et al. reported a strategy to image extracellular lactate produced by cancer
cells by using the shift reagent (SR), EUDO3A.” This SR forms a bidentate complex with
lactate even in the presence of a variety of competing biological anions. Once bound to
EuDO3A, lactate was easily detected via CEST-MRI (chemical exchange saturation transfer
magnetic resonance imaging) by selective activation of the highly shifted, exchanging
lactate—OH proton. Two major lactate-EUDO3A species of equal population as detected by
CEST suggested that the metal ion-bound L-lactate lifts the magnetic degeneracy of the two
diastereomers, A(58668) and A(AAAA), known to be present in solution. Evidence
supporting this hypothesis was reported by Dickins et al. in a study of a chiral heptadentate
lanthanide complex which also forms a stable ternary complex with L-lactate.89 In that case,
the two diasteriomeric ternary complexes were resolved by 'H NMR yet only a single
A(88868) crystal was isolated for crystallographic studies. Somewhat later, Terreno et al.10
also found that a variety of a-hydroxy-carboxylate molecules form ternary complexes with
heptadentate YbDO3AM-type complexes and some result in rather specific stereochemical
discrimination of complex isomers. This suggests that bidentate coordination of a a-
hydroxy-carboxylate ligand such as lactate to a LnDO3A-type complex can result in isomer
discrimination likely on the basis of differences in affinity. This is not terribly surprising
given that complex isomer discrimination has even been reported for octadentate systems
such as EUDOTP even by forming strong ion-pair complexes.11:12

The current study was initiated to investigate this phenomenon in more detail by using
various YbDO3A-derivatives as shift reagents for L-lactate with the overarching goal of
improving the sensitivity of CEST for detection of lactate. Previous studies of various
YbDOTA-tetraamide complexes with chiral centers on the pendent arms often result in a
single species in solution due to the steric and torsional strain of placing larger groups in
pseudoaxial positions.23-15> One exception reported by Mani et al.16 was that the chirality
introduced by sec-butyl amide substituents resulted in complexes where up to four
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diastereoisomeric coordination isomers could be observed by *H NMR. Given our previous
observation that addition of lactate to EUDO3A results in discrimination of lactate-EuDO3A
stereoisomers by CEST but not high resolution IH NMR,” we were interested in knowing
(1) whether introduction of chiral centers onto the shift reagent side-arms results in
improved stereoisomer discrimination to yield a single CEST-active species and (2) whether
the proton exchange rate between the bound lactate—OH proton and solvent water is
sensitive to such structural changes in the SR. One of our overarching goals is to optimize
the lactate—OH proton exchange rate to achieve maximum CEST sensitivity.

2. RESULTS AND DISCUSSION

The ligand designs shown in Figure 1 were chosen to vary in (1) overall charge and affinity
for lactate, (2) position and stereochemistry of the & chiral carbons on the side-arms, and (3)
capability to form stable heptadentate LnDO3A-type complexes. Carboxylates and
carboxylate esters were used as bulky groups on the & chiral carbon centers, and Yb(l11) was
selected among the lanthanide series for its greater charge density, small ionic radius, and
ability to induce large hyperfine NMR shifts without extensive line-broadening.
Heptadentate macrocyclic complexes with Yb3* are known to increase the binding affinity to
lactate by 1 order of magnitude over the corresponding Eu3* complexes.19 The synthetic
details are either given in the Supporting Information (SI) or described elsewhere.1”

Octadentate LnDOTA-type chelates are known to provide four isomeric structures
determined by the orientation of the ethylene groups in the macrocycle (positive = 56566,
negative = AAAA) or arm rotation (positive = A, negative = A) relative to the four nitrogen
atoms, see Figure 2). In the absence of chiral centers, A(65668)/ A(AAAA) and A(6566)/
A(AAAA) form enantiomeric pairs so only two isomers are typically detected by 1H NMR.
16,18 Heptadentate Ln-complexes also exist in solution as multiple species, 1 but a report has
shown that positively charged Yb3*-complexes favor a single SAP isomer.8 The presence of
chiral centers in the ligand framework increases the number of isomers that can be
potentially detected by NMR. With chiral lactate bound as a bidentate ligand, many more
structures are possible since lactate can bind Yb3* with the either the hydroxyl or
carboxylate group at the capping position of the square antiprism (SAP) or twisted square
antiprism (TSAP) coordination polyhedron.” The 1H NMR shifts observed for Yh3*

complexes are largely pseudocontact in origin (57*°) and produce large lanthanide induced
shifts (LIS) with negligible contact contributions. These properties also make Yb3* a
preferred lanthanide for structural elucidations of metal-complexes by NMR. The hyperfine
NMR shifts induced by the paramagnetic Yb3* in these complexes are somewhat smaller
compared to those observed for the analogous octadentate YbDOTA-type complexes.1®

The high resolution 1H spectra of Ybs, Ybs, and Yb,4 show multiple, broad overlapping
proton resonances in the absence of lactate (Figure S2) but become much sharper and well-
resolved after addition of one equivalent of lactate (Figure 3). The one exception is Yb,
which shows moderately sharp H resonances even in the absence of lactate (Figure S2).
This indicates that the interconversion rate between the multiple isomers present in solution
is moderately fast in the free complexes but much slower once lactate is bound. The
assignment of most highly downfield shifted 1H resonances, commonly referred to as the
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axial Hy ethylene protons, were made by comparison with analogous YoDOTMA,
YbDOTTA, and YbDTMA complexes.29-23 The H, resonances in the more compact square
antiprism isomers often appear around 150 ppm for YbDOTA-type complexes (carboxylate
donors) and around 100 ppm or less for LhDOTAM-type complexes (amide donors). In
comparison, the Hy proton resonances in the less-compacted twisted square antiprism
isomers are less highly shifted, typically <40 ppm. For axially symmetric LnDOTAM-
tetraamide complexes, the H, protons are magnetically equivalent and appear as a single
resonance24 while the four H, resonances in asymmetric YbDO3A-type complexes shown in
Figure 3 show four magnetically nonequivalent resonances appearing in the chemical shift
range of ~50-100 ppm. Thus, one can conclude that these complexes exist in solution
largely as SAP coordination isomers.

Among these five complexes, a striking difference was observed in the 1H NMR spectra of
Yhg, the only complex lacking a chiral carbon. Here, each H, proton resonance appears as
two equally intense peaks with very similar chemical shifts while the lactate CH and CH3
resonances also appear as two resonances of equal intensity separated by ~15 and ~10 ppm,
respectively. This suggests that lactate binds to both SAP isomers, A(68566) and A(AAAA),
of Ybg and that the protons in these two diastereoisomeric L-lactate-Ybg complexes are not
magnetically equivalent. The H spectrum of Ybg in the presence of one equivalent of D-
lactate was identical (Figure 3). In comparison, the 1H NMR spectra of D- or L-lactate with
the four complexes containing chiral carbons in their side-arms (Yb_4) each displayed four
sharp ethylene proton resonances (Figure 3) and single lactate CH and CHg resonances. This
suggests that the lactate Ybq_4 complexes either exist in solution as a single species or
inversion/rotation between these diastereomers is much faster than that seen for the lactate
Ybg complexes. Close inspection of these spectra shows that the chemical shifts of the
ethylene protons and lactate protons differed in all four L-lactate-Yb_4 complexes.
Furthermore, the chemical shifts of the protons in the D-lactate-Yb_4 complexes differed
from those seen in spectra of the L-lactate-Ybi_4 complexes (see Table 1). This suggests that
a unique single stereoisomer, either A(6666) or A(AAAA), is formed in each of these
complexes.

To examine these effects further, 2D EXSY NMR (Exchange Spectroscopy) spectra were
collected on samples of L-lactate-Ybg and L-lactate-Yb, (Figure 4). The EXSY mixing time
was varied and optimized to obtain optimal exchange peaks for L-lactate-Ybg and this same
value was then used for the spectrum of L-lactate-Yhy. As seen in Figure 4, the EXSY
spectrum of L-lactate-Ybg shows exchange cross-peaks between the axial and equatorial
proton resonances and between the nonequivalent CH and CH3 lactate resonances
characteristic of interconversion between the two diastereotopic L-lactate-Yby complexes
while the EXSY spectrum of L-lactate-Yb, showed no cross peaks under identical
experimental conditions. This supports our earlier conclusion that that the later complex
exists as a single species in solution. An alternative explanation could be that
interconversion rate between two diastereomers in L-lactate-Yhy, is much faster than that
seen in L-lactate-Ybg. However, this is highly unlikely because interconversion between
diastereomers requires side arm rotation and his would not be expected to occur more
rapidly in the bulkier L-lactate-Yb, complex. Thus, the only reasonable conclusion is that L-
lactate-Yb, exists as a single species in solution and, by comparison, the remaining L-
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lactate-Yby_4 likely do as well. Unfortunately, none of the lactate-Yb4_4 complexes formed
crystals likely due to their high solubility in polar protic solvents. One of the complexes,
Ybs, crystallized as a dimer where one of the carboxylate groups of the ligand acted as a
bridge between the two metal ions (Figure S3). Lactate was not present in this structure.
This behavior has been reported previously in another similar lanthanide complex.2® In the
structure shown in Figure S3, the Ybs complex was present as the SA(AAAA) isomer in
both metal centers.

The chemical shifts of the bound lactate protons in these complexes are also informative
(Table 1). Most notable is that the chemical shift differences between the D- and L-lactate
complexes are much larger (~10 ppm) in comparison to the ethylene proton resonances.
These large chemical shift differences between D- and L-lactate observed here by 1H NMR
are much larger than those observed using nonaqueous chiral agents.26-28 This indicates that
the geometrical positions of the CH and CH3 protons in D-lactate-Yb, versus L-lactate-Yb,
are quite different concerning the magnetic axes governing the Yb-induced pseudocontact
shifts. To investigate further the origin of these differences, a complete NMR assignment of
all proton resonances in spectra of the Ybs complexes with D- and L-lactate, was undertaken
by analysis of their IH,1H-COSY spectra (Figure S4). Cross-peaks in these spectra were
observed for (i) the axial and equatorial protons of the cyclen structure; (ii) the axial protons
of the cyclen unit separated by three bonds; (iii) the geminal protons of the methylenic
groups of the pendant arms; (iv) the CH and methyl groups of the pendant arms; and (v) the
CH and methyl groups of lactate (Table S2).

A detailed analysis of the pseudocontact shifts induced by Yb was performed using the
following expressions:2?

1 322 — 2 2 — 92 dxy dxz
5ZPSC: (Xzz - §T7'X) (T) + (Xaz — Xyy) (T Xy (F) TXazz (T’—5> +Xyz (T’_

)

where
r= /$2+y2+22 (2)

In these equations x, y; and zare the Cartesian coordinates of nuclei 7relative to the location
of the paramagnetic ion, and ypx are the components of the magnetic susceptibility tensor
(p, k= X y, or 2). In a principal magnetic axis system, yx, = xxz= xy-= 0, so that only the
first two terms of eq 1 remain, representing the axial and rhombic contributions to the
pseudocontact shifts. Equation 1 was used to analyze the pseudocontact shifts by following
the methodology of Forsberg,3? which involves a least-squares fit procedure including the
axial [xzz= U3(xxx* xyy+ xzz] and rhombic (y xx = x,,) anisotropies of the magnetic
susceptibility tensor y as fitting parameters, as well as three Euler angles that relate the
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orientation of the Cartesian axes of the input structure and the principal magnetic axis
system.3! As structural models, we used molecular geometries obtained with DFT
calculations following standard procedures (see computational details, S1).32:33 These
calculations provided four local energy minima corresponding to the S-A(8666), S
AAAANA), S-A(8666), and S-A(AAAA) diastereoisomers. According to DFT, the minimum
energy conformation corresponds to the S-A(6666) isomer for both L-lactate-Ybs and D-
lactate-Ybs. A similar structure was observed in the solid state for a lactate-YbDO3A
complex with chiral D-phenyl groups.8 The orientation of the lactate anion is such that the
carboxylate group occupies one of the coordination positions in the upper plane of the SAP
coordination polyhedron, while the hydroxyl group of lactate coordinates at the apical
position. DFT calculations indicated that this coordination mode was far more favorable
(>9.0 kcal mol~1) than the reverse situation in which the apical position is occupied by the
carboxylate group. This likely reflects the preference of the weaker hydroxyl donor atom to
occupy the more hindered capping position.3# The analysis of the pseudocontact shifts
confirmed the predictions of DFT, as the chemical shifts calculated with eq 1 showed
excellent agreement with the experimental ones, with deviations <5.5 ppm for L-lactate-Ybs
and <4.9 ppm for D-lactate-Yhs (Table S2). Much larger deviations were observed by using
the geometry of the SSA(AAAA) isomer, particularly for the CH protons of the side arms (up
to 15-17 ppm, SI).

Figure 5 shows the orientation of the molecular geometries obtained for L-lactate-Ybz and
D-lactate-Ybs in the principal magnetic axis system. The analysis shows that the principal
magnetic axis (the zaxis) is not placed perpendicular to the ideal plane defined by the four
nitrogen atoms of the macrocycle, but parallel to that plane. This surprising result is however
in agreement with recent studies reported for DyDOTA.35 Furthermore, the analysis
provides virtually identical orientations of the magnetic axes in L-lactate-Ybs and D-
lactate-Ybs so the slightly different chemical shifts observed for the lactate resonances in L-
lactate-Ybz and D-lactate-Ybs cannot be attributed to the formation of a different isomer, or
to a different magnetic anisotropy of the complex (the axial and rhombic anisotropies are
very similar, Table S2). Instead, the origin of the different chemical shifts is related to the
different position of lactate proton nuclei with respect to the magnetic axes (Figure 5).
Indeed, the CH proton of lactate presents virtually identical distances to the paramagnetic
center in both L-lactate-Ybs and D-lactate-Ybs (r= 3.860 and 3.820 A, respectively), but
different zcoordinates (1.160 and 1.755 A), which leads to somewhat different axial
pseudocontact shifts (-14.3 and —8.4 ppm). However, the different position of the lactate
protons in the xy plane is the main reason for the different chemical shifts observed for L-
lactate-Ybz and D-lactate-Ybs, leading to rhombic contributions of —15.3 and -45.3 ppm
(Table S2).

CEST Spectra

To investigate the utility of these Yb, complexes for imaging lactate by CEST,” we collected
CEST spectra of samples containing each complex (Ybg_4) with one equivalent of L-lactate
or D-lactate. As shown in Figure 6, the chemical shifts of the exchanging lactate—OH proton
in the Yb, complexes are substantially larger (~130-170 ppm) compared to the shifts
observed when using EUDO3A as a shift reagent.” For the achiral complex, Ybg, two sharp
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CEST peaks at 149 and 164 ppm were detected that are likely attributable to two the equally
favored diasteroisomeric complexes, A(6666) and A(AAAA). This is supported by DFT
calculations, which provide two virtually isoenergetic minima for the A(6666) and
A(AAAA) isomers of the L-lactate-Ybg and d-lactate-Ybg adducts. Identical CEST exchange
peaks were observed when either L-lactate or D-lactate was added to a sample of Ybg
similar to that seen in the 1H NMR spectra. Upon addition of either D- or L-lactate to any
one of the chiral complexes, Ybi_4, only a single CEST peak was observed, (Table 1) but
again, the chemical shifts of the CEST exchange peaks for D-versus L-lactate complexes
varied from 9 to 16 ppm. This observation is again consistent with enantiomeric
discrimination of D- or L-lactate by the Yb,_4 complexes (Table 1).

The amplitude of the CEST exchange peaks for the D-versus L-lactate in each complex
varied to some extent. For example, the CEST intensities of the D-lactate—OH exchange
peaks were larger than the corresponding L-lactate—OH exchange peaks in the Yb,
complexes, about equal in the Ybz complexes, and smaller in the Yb, and Yb, complexes.
The corresponding 1H spectra show that the concentrations of the D-versus L-lactate species
are identical so these intensity differences must reflect differences in proton exchange rates.
With a temperature increase to 310 K, larger CEST amplitudes were observed for all Yby_4—
lactate complexes. The proton exchange rates were evaluated using the Omega plot method
at both temperatures and, indeed, faster proton exchange rates were observed at 310 K than
at 298 K, as would be expected. The proton exchange rates at 310 K were close to optimal
for CEST and hence should benefit experiments performed at physiological temperatures. In
each complex, the D-lactate—OH exchange peak was shifted further downfield compared to
the analogous L-lactate—OH exchange peak. From the results described above, this can be
attributed to slightly different positions of the OH protons with respect to the orientation of
the magnetic axes.

3. CONCLUSIONS

In this study, we investigated whether the substitution of a & chiral carbon in the pendant
arms of YbDO3A-amide type complexes can limit the number of stereoisomers present in
solution and thereby enhance detection of lactate by CEST NMR. Our results show that with
different substitutions at the &-position on the pendant arms, a single energetically favorable
isomer is formed. This was supported by both high resolution 1H NMR and CEST data. In
the presence of (D or L)-lactate, the achiral Yby complex forms two equally populated
A(6666) and A(AAAA) isomers with lactate whereas the Yb, complexes having & chiral
centers yield a single isomer (shown to be the S-A(5666) isomer for the Ybs complexes by
analysis of the pseudocontact shifts). The second finding of this study was the observation of
enantiomeric discrimination of D- and L-lactate by the chiral DO3A-derived Yb,
complexes. In summary, our study shows that heptadentate macrocyclic Yb-complexes with
& chiral centers serve as key predictors of the conformational orientation of lanthanide
complexes with macrocyclic ligands and powerful discriminators of enantiomeric substrates
such as D- and L-lactate. Ternary complexes are formed with the lactate OH group bound to
the Yb3* ion in an apical position as reported previously for lactate-EUDO3A.” The lactate
OH proton is highly shifted downfield in the presence of the Yb-complexes as seen by CEST
NMR. The approach used magnifies the chemical shift of lactate OH CEST which may
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ultimately prove useful in the design of metabolite-specific shift reagents for functional
MRI. L-lactate is considered the only form produced by cancer cells while D-lactate,
although rarely produced by human cells, is a metabolic product of some essential bacteria
that exist in the human microbiota. Consequently, D-lactate acidosis has been associated
with several diseases including bowel syndrome and D-lactate encephalopathy.36:37 Given
that the development of enantiopure agents is of interest in molecular imaging, this work is a
positive step forward toward optimizing inorganic responsive agents (shift reagents) for
selective identification of important biomarkers and metabolic profiles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Structures of the YbDO3A derivatives used in this study. All chiral molecules are drawn as

the (S)-configuration.
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Figure 2.
Schematic representation of the isomeric forms of heptadentate Yb3* complexes with one

equivalent of lactate. Arm rotation results in interconversion between enantiomers while ring
flips result in interconversion between diastereoisomers. The arrangement is described
through (AAAN)/(6666) and the side arm orientation, leading to A/Ametal coordination.
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Figure 3.
1H NMR spectra of Yb, complexes containing 1:1 L-lactate (left) or 1:1 D-lactate (right).

All NMR spectra were recorded at 25 °C in DO at 9.4 T. pD = 6.5. Arrows point to the Hy
proton resonances.
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Figure 4.
(Left). 2D EXSY NMR spectrum of Ybg-L-lactate (1:1) in D,O using a mixing time of 15

ms. (Right). 2D EXSY NMR spectrum of Yby-L-lactate (1:1) in D,O using a mixing time of
15 ms. The red arrows reflect exchange of the lactate CH and CH3 resonances while the blue
arrows reflect exchange of the axial proton resonances between the two SAP diasterisomers.
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Figure5.
Top: Molecular geometries of the L-lactate-Ybs and D-lactate-Ybg systems obtained with

DFT showing the orientation of the magnetic axes. Circles highlight the position of lactate
CH protons. Middle: Contour plots showing the rhombic contribution of the pseudocontact
shifts (ppm) in the plane parallel to the x and yaxis containing the lactate CH proton.
Bottom: Axial contribution to the pseudocontact shifts (ppm) in the same plane. White
circles indicate the position of lactate CH protons. Negative pseudocontact shifts correspond
to shifts to lower fields.
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CEST spectra of Yb(IIl)-complexes with either L-lactate or D-lactate in H,O. (50 mM
complex with 50 mM D-lactate or L-lactate). Presaturation pulse of 4 s with By of 14.1 4T
was applied at 298 K using a 9.4 T NMR spectrometer. The pH was adjusted to 7.4 in all
samples just prior to data collection. CEST spectra were only shown the downfield part for

clarification.
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