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Abstract

Background: Excessive lactate production, a hallmark of cancer, is largely formed by the reduction of pyruvate via
lactate dehydrogenase (LDH) to (-lactate. Although p-lactate can also be produced from glucose via the
methylglyoxal pathway in small amounts, less is known about the amount of p-lactate produced in cancer cells.
Since the stereoisomers of lactate cannot be distinguished by conventional 'H NMR spectroscopy, a chiral NMR
shift reagent was used to fully resolve the 'H NMR resonances of b- and L-lactate.

Methods: The production of (-lactate from glucose and p-lactate from methylglyoxal was first demonstrated in
freshly isolated red blood cells using the chiral NMR shift reagent, YoDO3A-trisamide. Then, two different cell lines
with high GLOT expression (H1648 and H 1395) were selected from a panel of over 80 well-characterized human
NSCLC cell lines, grown to confluence in standard tissue culture media, washed with phosphate-buffered saline,
and exposed to glucose in a buffer for 4 h. After 4 h, a small volume of extracellular fluid was collected and mixed
with YbDO3A-trisamide for analysis by "H NMR spectroscopy.

Results: A suspension of freshly isolated red blood cells exposed to 5mM glucose produced L-lactate as expected
but very little p-lactate. To evaluate the utility of the chiral NMR shift reagent, methylglyoxal was then added to red
cells along with glucose to stimulate the production of p-lactate via the glyoxalate pathway. In this case, both
D-lactate and L-lactate were produced and their NMR chemical shifts assigned. NSCLC cell lines with different
expression levels of GLOT produced both - and p-lactate after incubation with glucose and glutamine alone. A
GLOI-deleted parental cell line (3553T3) showed no production of b-lactate from glucose while re-expression of
GLOT resulted in higher production of p-lactate.

Conclusions: The shift-reagent-aided NMR technique demonstrates that p-lactate is produced from glucose in
NSCLC cells via the methylglyoxal pathway. The biological role of p-lactate is uncertain but a convenient method
for monitoring b-lactate production could provide new insights into the biological roles of b- versus L-lactate in
cancer metabolism.
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Background

Glycolysis is the major pathway for the conversion of
glucose to pyruvate in all mammalian cells. Under aer-
obic conditions, pyruvate is transported into mitochon-
dria and oxidized in the TCA cycle whereas in tissues
with limited oxygen availability, pyruvate is converted to
lactate in the cytosol and exported from cells. Lactate
production even in the setting of adequate oxygen (the
Warburg effect) is observed in cultured cancer cells and
in tumors. Lactate can also be imported and used as a
respiratory fuel in some tumors [1]. In terms of whole-
body metabolism, Hui, et al. [2] have determined in fed
and fasted mice that the circulatory turnover of lactate is
even higher than glucose turnover. This suggests that
lactate may be a more important substrate than glucose
for whole-body metabolism. In the brain, it is widely ac-
cepted that glucose is the predominant source of energy,
although glucose oxidation occurs indirectly, with astro-
cytes taking up glucose from the blood, converting it to
lactate via glycolysis, then exporting lactate for oxidation
by neurons [3, 4]. This means that lactate must be con-
verted back to pyruvate by neuronal lactate dehydrogen-
ase (LDH) before being completely oxidized in the TCA
cycle. These examples illustrate the concept of a lactate
shuttle where lactate can freely be exchanged among
cells, tissues, and organs under aerobic conditions [5].
One possible advantage of the astrocyte-neuron lactate
shuttle in the brain is that it transfers an “extra” redu-
cing equivalent from astrocytes to the more energy-
demanding neurons. The amount of ATP generated
from these extra reducing equivalents in neurons de-
pends upon whether the lactate is converted to pyruvate
via cytosolic LDH or, as has been reported in some
tissues, via mitochondrial LDH [6-8].

Given that both Dp-lactate and L-lactate can be pro-
duced from glucose in some mammalian tissues, one
must consider the potential role of D-lactate in cell me-
tabolism. Methylglyoxal (MG), a highly reactive three-
carbon glycating metabolite formed at the level of the
triose phosphates [9], is rapidly converted to S-
lactoylglutathione by glyoxalase-1 (GLO-1) and subse-
quently to D-lactate by glyoxalase-2 (GLO-2) to elimin-
ate this reactive species in glycolytic cells. The amount
of D-lactate measured in the plasma, liver, and skeletal
muscle of rats is quite variable (nM to pM) depending
upon nutritional state and presence of diabetes [10]. The
amount of D-lactate in liver tissue is consistently about
15-17% that of L-lactate [10]. More recently, de Bari
et al. [11] demonstrated that D-lactate is transported into
isolated rat liver mitochondria and converted to pyruvate
using a membrane-bound FAD/FMN flavoprotein on
the matrix side of the inner mitochondrial membrane.
The resulting pyruvate formed from D-lactate can be ox-
idized or converted to oxaloacetate and transported out

Page 2 of 10

of mitochondria via a D-lactate/OAA antiporter. Thus,
both D-lactate and L-lactate can serve as three-carbon
precursors of gluconeogenesis.

Why is D-lactate often ignored in modern biochemis-
try textbooks and by scientists investigating the role of
the Warburg effect in cancer? One likely reason is that
D- and L-lactate are difficult to distinguish using modern
spectroscopic methods such as NMR or MRI. Kuchel
et al. [12] demonstrated that one can use stretched gela-
tins in NMR tubes to resolve the NMR methyl reso-
nances of D- and L-lactate based upon the differential
dipolar splitting seen in their CH3 resonances. Although
the method is quantitative, it is not easily adapted to
routine measures of D- and L-lactate in biological sam-
ples. Hyperpolarized '*C-labeled MG has also been used
to detect D-lactate as an end-product of the glyoxalase
pathway in RBCs, in EL4 tumor-bearing mice, and in the
liver and brain of live animals [13]. This exciting obser-
vation demonstrates that the glyoxalase pathway is active
in these tissues, but it does not allow measurement of
the relative amounts of D-lactate versus L-lactate pro-
duced in those tissues without the addition of exogenous
MG in supraphysiological quantities. We introduce here
a simple NMR method for resolving the resonances of
D- and L-lactate in any biological sample by the addition
of a chiral shift reagent (SR). The water-soluble, chiral
agent, YbDO3A-(L-alanylamide) (Scheme 1) (referred to
as Ybs in a prior publication [14]) forms a 1:1 complex
with D- and L-lactate with nearly equal affinity and the
chemical shifts of the CH and CH3 proton resonances in
those two complexes are well-resolved (the methyl reso-
nances of D- and L-lactate differ by ~9.5 ppm depending
upon temperature). In this study, this SR-aided 1H NMR
method was used to demonstrate production of D-lactate
in RBCs exposed to methylglyoxal and production of
both D- and L-lactate in two different human cancer cell
lines exposed to glucose alone.

Methods

General

All reagents and solvents were purchased from commer-
cial sources and used as received without further purifi-
cation. Preparative HPLC was performed on a Waters
Delta Prep system with a Waters Atlantis Prep, T3,
OBD, 5 um, 30 mm X 250 mm column pump coupled
to a Waters diode array UV detector. LC-MS experi-
ments were carried out on a Waters Alliance LC system
with a Atlantis T3 column (C18, 5 p, 250 x 4.6 mm),
connected to a Waters diode array UV detector, and an
electrospray ionization mass spectrometer (ESI MS)
using a Waters Q TOF-MS-XEVO ESI positive mode for
detection. ICP-OES analysis of Yb®" (Galbraith Labora-
tories, Inc., Knoxville, TN) was used to calibrate the con-
centration of Yb; in the final stock solutions.
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Scheme 1 The chemical structure of the YoDO3A-(L-alanylamide)
drawn as the (S)-isomer
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Preparation of shift reagent
Yb(III)-1,4,7,10-tetraazacyclododecane-1,4,7—tris(2-aceta-
mido-L-alanine) (abbreviated Ybs) was prepared by mix-
ing the ligand (prepared and purified as described
previously[14]) with 0.95 equivalents of Yb(OH);. The pH
of the solution was adjusted to 5.5 and the reaction was
stirred at room temperature overnight while the pH of the
solution was maintained in the range of 5.5 — 6.0 by the
addition of NaOH (or HCI). After filtration, the pH was
adjusted to 7 with 1 N HCI and tested (xylenol orange) for
free Yb*>* (none present). After filtering through a 2 um
membrane, the filtrate was lyophilized to give 0.60 g of
Ybs as a cream-colored solid. m/z (ESI-MS™): 731.02
(M+H)" calculated for Cy3H39N,OoYb 731.22.

NMR spectroscopy

'H, 3C, and CEST spectra were recorded on 94T Varian
VNMRS direct-drive console spectrometer operating at
400 MHz (*H) and 100 MHz (*C), respectively. 'H NMR
spectra were collected using a 90° pulse, 10,000 Hz sweep
width, 19,979 data points, 2 s acquisition time, and a 1 s
interpulse delay at 25°C averaged over 512 scans. Spectra
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were analyzed using ACD/SpecManager (Advanced
Chemistry Development, Inc., Toronto, Canada). CEST
spectra of Ybs were collected by measuring the bulk water
proton intensity after a series of 5 s frequency-selective
pulses were applied prior to collection of the water signal
(8 s delay between scans). The saturation frequency was
arrayed in steps of 400 Hz. CEST Z-spectra are presented
as a percent reduction of the intensity of the water signal
(M,/My) versus saturation frequency.

Red blood cell experiments

The fresh blood, collected from a donor under an ap-
proved university protocol, was centrifuged at 2000 rpm
for 10 min at 4°C. The plasma, including the buffy coat
layer, was removed. The packed erythrocytes were
washed in phosphate buffer (10 mM phosphate, 137
mM NaCl, 2.7 mM KCl, pH 7.4), resuspended in phos-
phate buffer (40% hematocrit), and exposed to either
5 mM glucose, 5 mM MG, or a mixture of 5 mM glu-
cose plus 5 mM MG. After incubation for 15 min, 1 h,
or 2 h, a 0.5-mL of buffer was collected and centrifuged,
and Yb;z was added to a supernatant to a final concentra-
tion of 2.2 mM. For detection of D- and L-lactate directly
in a suspension of red blood cells, RBCs were resus-
pended in phosphate buffer (10 mM phosphate, 137
mM NaCl, 2.7 mM KCl, pH 7.4) and incubated with
5 mM glucose, 5 mM MG, or no added substrate. After
an incubation period of 2h, Yb; was added to the 0.5 mL
of packed RBCs at a final concentration of 2 mM.

Lung cancer cell lines

H1395 and H1648 cells were cultured in 100-mm
plates in RPMI-1640 medium (Sigma, R8758) supple-
mented with 10% of dialyzed fetal bovine serum (FBS)
(Sigma, F2442) and 20 units of penicillin-streptomycin
(Sigma, P0781). The cells were starved for 12 h prior
to the initiation of the experiment, then washed three
times in phosphate-buffered saline (PBS) and incu-
bated in a basal medium (Sigma, D5030) supple-
mented with 5 mM glucose or 5 mM MG for 4 h.
The culture medium (10 mL) was then lyophilized
and redissolved in 0.4 mL of buffer containing 5 mM
Yb; for NMR analysis. 3553T3 parental cells, a GloI-
deleted clone, and cells in which Glol was re-
expressed were cultured in 100 mm culture plates
with DMEM medium (Sigma, D5796) supplemented
with 10% of FBS and 20 wunits of penicillin-
streptomycin. When the cells reached confluence, the
cells were washed with phosphate buffer and incu-
bated for 4 h in basal medium (Sigma, D5030) sup-
plemented with 5 mM MG and 5 mM glucose. As
before, the culture media (7 mL) was then lyophilized
and redissolved in 0.4 mL of buffer containing
10 mM Ybz for NMR analysis. The number of cells
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used in each experiment (~3 x 10° for H1395 and
H1648 cells and ~1.5 x 10° for 3553T3-derived cells)
was determined using a TC20 Automated Cell Coun-
ter (Bio-Rad).

Western blots

Cells were lysed in RIPA buffer supplemented with the
following additives: protease and phosphatase tablets
(Roche), DTT (1 pg/ml), and benzamidine (1 upg/ml).
Cleared lysates were resolved by 4-20% SDS-PAGE gels,
transferred to nitrocellulose, and incubated with primary
antibodies against Glyoxalase I (Novus Biologicals,
NBP1-19015) and Beta Actin (Cell Signaling, 4970). Im-
munoreactive proteins were visualized by chemilumines-
cence (Pierce, 32106).

Results

Quantitative analysis of - and L-lactate by NMR

The fundamental basis of enantiomeric detection and
quantification of D- and L-lactate by NMR was to add
YbDO3A-(L-alanylamide); (abbreviated Ybs) as a para-
magnetic shift reagent to biological samples [14]. Ybs
was selected over other amino acid amide options for
several reasons: (1) ease of synthesis; (2) Ybs exists in so-
lution as a single stereoisomer (A(88688) or A(A\N))
which, upon formation of a complex with lactate, yields
single sharp CH and CHj3 resonances for both p- and L-
lactate; and (3) the paramagnetic properties of Ybs result
in large chemical shift differences between the bound
resonances of D- and L-lactate [14]. The high-resolution
"H NMR spectrum of Yb; used in this study is shown in
Fig. 1. The downfield proton resonances in this complex,
previously assigned using 2D EXSY NMR [14], reflect in-
dividual ligand protons in this highly asymmetric com-
plex. Upon addition of either D- or L-lactate, two new
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proton resonances appear in the spectrum reflecting the
methine and methyl protons of D-lactate-Ybs or L-lacta-
te-Ybs. The methyl resonance of bD-lactate-Ybz does over-
lap somewhat with the Hyeq resonance of L-lactate-Ybs,
so this needs to be taken into account in all quantitative
measures. Fortunately, all of the highly shifted ethylene-
diamine protons split into two peaks, one reflecting D-
lactate-Ybs and the other reflecting L-lactate-Ybs, so the
areas of these separated resonances provide an second
analytical measure of the relative amounts of D- versus
L-lactate in solution.

The upper panel of Fig. 1 shows the 'H spectrum of Ybs
after the addition of both D- and L-lactate (both in excess).
The protons of unbound, excess lactate appear in their
normal diamagnetic positions (Figure S2). This shows that
the rate of lactate exchange between the lactate-Yb; com-
plexes and free lactate is slow in comparison to their fre-
quency differences. The well-separated methyl protons
(21.0 ppm and 30.4 ppm) and methine protons (56.7 ppm
and 38.6 ppm) of D- and L-lactate, respectively, indicate
that either pair of resonances or both pairs could be used
to quantify the amount of D- versus L-lactate in biological
samples. The near-equal intensities of the two methine or
methyl resonances in the top spectrum of Fig. 1 suggest
that the two enantiomers of lactate must have nearly equal
binding affinities with Ybs.

To verify this, an additional "H NMR titration experi-
ment was performed. Upon the addition of increasing
amounts of either D- or L-lactate (from 0 to 7 mM) to a
fixed concentration of Ybs aqueous solution (2 mM), the
"H-NMR signals of the bound lactate-methyl resonances
gradually increased in intensity until a 1:1 complex was
fully formed. At that point, further addition of lactate
did not alter the intensity of the bound lactate methyl
resonances further. These binding curves were fit to a

CHs-L-lac  CH;-D-lac
CH-D-lac CH-L-lac  cH b CH3D:|1; H 15 o
14
¥ ¥ H
Haeg s I o %
7ax q eq H 13, M13
Haax Haax Hiax Hiax HaHsoe s " Hy,, CHUac NH1
M NN 0 9
3 N HN,
13 j
16
NH 4 N N 7
o7 16 g—g/zl
N o
A WW o ¥
L L L B B B B B L B B B B L B B L L B L B B LB L L LR B
96 88 80 72 64 56 48 40 32 24 16

Fig. 1 "H NMR spectra of an aqueous solution of Ybs (6.3 mM) (bottom) and upon addition of b-lactate (15 mM) and -lactate (15 mM) to the
Yb3 sample (top), 94T; pH 7.2; 298K. The "H NMR chemical shifts of all (-lactate = Ybs(blue) and p-lactate= Ybs(red) protons were assigned as
shown by the colored labels. The protons of the excess non-chelated lactate are far upfield in their normal diamagnetic positions (not

shown here)
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simple 1:1 binding model (Equation S1 and Figure S1)
[15] to yield dissociation constants (Kp) of 914 + 15 uM
for p-lactate and 709 +35 uM for L-lactate. Although the
fitting results showed these binding constants did differ
slightly as one would expect for molecules of differing
chirality, this small difference translates to a correction
factor of only 2—-3% in the methine or methyl proton in-
tensities of D- versus L-lactate in Fig. 1.

Production of p- and L-lactate in erythrocytes

Erythrocytes are known to have a glyoxalase pathway
that converts methylglyoxal to D-lactate via glyoxalase
1 (GLOL1) and glyoxalase 2 (GLO2) using glutathione
as a co-factor [16]. To examine whether Ybs; detects
both L-lactate and D-lactate production in human
RBCs suspension, freshly isolated RBC suspensions in
phosphate buffer (40% hematocrit) were incubated
with either (a) 5 mM glucose, (b) 5 mM MG, or (C)
no substrates. After incubation for 2 h at 37°C, a
2 mM Ybs; was added to the RBCs suspension before
collection of their NMR spectra (Fig. 2). The
spectrum in Fig. 2 a shows that 1.3 mM L-lactate was
produced from glucose in RBCs; no D-lactate was evi-
dent in this spectrum. However, in RBCs incubated
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with MG alone, a significant amount of p-lactate (1.2
mM) was produced along with about 0.8 mM L-
lactate (Fig. 2 b). Here, L-lactate must have been pro-
duced from intermediates remaining in the washed
RBCs. In the RBC sample incubated without added
substrates, nearly the same amount of L-lactate
(1.1mM) was again produced from glycolytic interme-
diates (Fig. 2 c). Similar results were found in separ-
ate experiments where RBCs were incubated with
these same substrates and the supernatants were sep-
arated from cells prior to the addition of the SR (Fig-
ure S3 and S4). This suggests that Ybs remains
extracellular in the experiments with cells present.
We also collected CEST spectra of the supernatant
samples and the areas of the CEST peaks for p- ver-
sus L-lactate-Ybs; complexes [14] gave quantitative
values for D-Lac/L-Lac very similar to those measured
by 'H NMR (Figure S5). The disadvantage of CEST
spectroscopy for this measurement in comparison to
'H spectroscopy is that absolute concentrations are
more difficult to obtain because the CEST intensities
not only depend upon concentration but also the in-
tensity of the applied B; field and the amount of time
the applied B; is applied.
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Fig. 2 Detection of D- and L-lactate formation in erythrocytes using Ybs (2 mM) by 'H NMR e-buffered saline, pH 7.4 after incubation for 2 h at
37°C with a 5 mM glucose, b 5 mM MG, and ¢ wo/substrate. The highlighted methyl and methine resonances are assigned to L-(blue) and
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Production of p- and L-lactate in lung cancer cells

GLO1 has been reported to be overexpressed in several
human cancer cell lines including leukemia, melanoma,
prostate cancer, and breast cancer cells [17-20] and has
been implicated in cancer progression and drug resistance
[21, 22]. A recent study showed that expression of GLOI
is required for the growth of human-derived NSCLC xe-
nografts in mice [23]. GLOZ2 also plays a role in androgen-
dependent tumorigenesis in prostate cancer regulated by
p53 [24]. To examine whether this SR-aided NMR-based
method can be used to monitor the production of D- and
L-lactate in tumor cells, two different cell lines with high
GLOI expression (H1648 and H 1395) were selected from
a panel of over 80 well-characterized human NSCLC cell
lines [25]. These cells were cultured in 5 mM glucose and
glutamine added to RPMI media, grown to confluence,
then washed and incubated with a modified buffer con-
taining only 5 mM glucose and glutamine for sustained
growth. After an additional 4 h, the supernatant was col-
lected, freeze-dried, and dissolved in 0.4 mL of water con-
taining 5 mM Ybs. The resulting "H NMR spectra (Fig. 3)
show that both cell lines make appreciable D-lactate in an
apparent GLOI expression-dependent manner (D-lac/L-
lac = 0.63 in H1648 cells and 0.26 in H1395 cells).

p-lactate production in GLO1-deleted and re-expressed
clones

Additional experiments were designed to further test
whether D-lactate production depends upon the expres-
sion of GLOI. Murine lung cancer cells (3553T3) ex-
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out expression of this gene, and an isogenic line in
which Glol was re-expressed (355T3 sgGlol pLHCX
Glo1 )[23] were incubated in the presence of 5 mM MG
for 4h. After this incubation period, 7 mL of supernatant
was collected, freeze-dried, and redissolved in 0.4 mL of
water containing 10 mM Ybs for analysis by '"H NMR.
As shown in Fig. 4, D-lactate was clearly evident in a
Glol1 expression level-dependent manner with high levels
of D-lactate produced from MG in the parental 3553T3
and 355T3 sgGlol pLHCX Glol cells, and no D-lactate
detection in sgGlol cells. D-lactate was not detected after
incubation with 5 mM glucose (Figure S6). The CEST
spectra of these same samples (Fig. 5) reported identical
D- and L-lactate ratios as those measured by 'H NMR.

Discussion

Cancer promotes reprogramming of cell metabolism to
support proliferation [26]. The highly glycolytic pheno-
type characteristic of most cancer cells has become an
appealing therapeutic target [27, 28]. Elevated glucose
metabolism inevitably produces more MG as a by-
product [29, 30]. To counteract the toxic effects of MG,
the glyoxalase pathway converts MG to D-lactate by se-
quential enzymatic reactions catalyzed by GLO1 and
GLO2. Even though it has been reported that mamma-
lian tissues are deficient in D-lactate dehydrogenase [31],
Tubbs et al. showed that D-lactate is metabolized to
pyruvate by the enzyme D-a-hydroxy acid dehydrogenase
at a one-fifth rate of L-lactate [32]. A more recent study
showed that prostate cancer cells metabolize D-lactate
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®
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membrane flavoprotein, the activity and protein level of
which are higher in prostate cancer cells (PC-3) than in
non-cancerous PNTI1A cells [33]. Thus, detection of
D-lactate in cancer in vivo could be important in that
it represents a novel target for cancer diagnosis and
prognosis of anti-cancer therapeutic strategies.

Potential applications of D-lactate detection are not
limited to cancer metabolism. Although D-lactate is con-
sidered non-physiological in mammalian tissues, it does
play a role in brain metabolism. The activity of the
glyoxalase pathway is higher in astrocytes compared to
neurons, consistent with higher glucose utilization and
hence the greater requirement of cellular detoxification
of MG in this cell type [34]. The link between MG cyto-
toxicity and advanced glycation end products (AGE)
tightly correlates with the pathogenesis of the neurode-
generative disease [35]. A recent study showed that ele-
vated levels of MG are present in the cerebrospinal fluid
of patients with Alzheimer’s disease (AD) [36]. The
GLO1 level in AD was found to correlate with the pro-
gression of the disease, increasing in early stages and
then decreasing in middle to late stages of AD [37].
Other pathophysiological conditions also associated with
increased serum and urinary D-lactate production are
diabetic ketoacidosis and small bowel resection. Further-
more, significantly elevated serum D-lactate was also re-
ported in infection, ischemia, and trauma [38]. In
particular, D-lactate is also elevated in various patho-
genic bacteria that can be a marker of infections [39].
Thus, a diagnostic method for the detection of D-lactate
could provide new insights into the metabolic role of b-
lactate in various disease processes. Current methods
used to detect D-lactate rely upon either an enzymatic
assay or liquid chromatography tandem mass spectrom-
etry coupled with a chiral column, methods limited to
analytical detection of D-lactate in tissue or cell extracts
(38, 40].

In this study, we demonstrated the feasibility of using
Ybs for enantiomeric discrimination of D- and L-lactate
produced in erythrocytes and cancer cells. Both D- and
L-lactate bind to open coordination positions on Ybs in
a bidentate fashion and with similar binding affinities.
Although not measured, the rate of exchange of lactate
on and off the complex is slow on the NMR timescale
(Aw >> Kexen), where Aw is the difference in chemical
shift of the bound versus free resonances measured in
Hz and ke, is the rate of lactate exchange on and off
the Ybs complex. This results in distinct '"H NMR sig-
nals for unbound lactate versus Ybs-bound lactate. In
the experiments described here, excess Ybs was present
in each NMR sample, so the relative intensities of the
NMR signals of D- versus L-lactate directly reflect the
quantitative levels of each enantiomer produced by cells
during the incubation period. One of the nice features of
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this SR-aided technique is that one can quantify p- and
L-lactate by integrating the areas of their well-separated
methine or methyl resonances while taking advantage of
the fact the ethylene signals of Ybs also provide a second
direct readout of the relative amounts of D-lactate:Ybs,
L-lactate:Ybs, and unbound Ybj present in each sample.
A second nice feature is that the chemical shifts of the
bound forms of lactate are independent of pH between 6
and 7.4 (Figure S7) so the method is applicable in cells
that become acidic during the production of excess
lactate.

Which other variables must be considered to ensure
this method would provide quantitative measures of D-
and L-lactate production in rodent tumor models? If one
assumes that sufficient Ybs can be injected into an ani-
mal to achieve an extracellular concentration of 1 mM,
similar to that after a typical injected dose of a Gd-based
contrast agent, and if the extracellular concentration of
D- and L-lactate produced by a tumor at steady-state is
100 and 600 pM, respectively, then the "H NMR signals
would provide a direct readout of the absolute concen-
trations of D- and L-lactate. If, however, the local extra-
cellular concentrations of D- and L-lactate are much
higher, for example, 1 and 6 mM, then there would not
be sufficient Ybs present to fully form complexes with
all lactate. However, even in this circumstance, the rela-
tive intensities of the methyl resonances of the p- and L-
lactate complexes with Ybs would reflect the relative
amounts of the two enantiomers (after an appropriate
correction factor) since the binding constants of the two
complexes are nearly equal. Ultimately, the lower detec-
tion limits for detection of D- and L-lactate will be deter-
mined by the sensitivity of the imaging coil and field
strength of the scanner used for "H detection. The bio-
compatibility and toxicity of Ybs are yet to be evaluated,
but other lanthanide DOTA-amide-type complexes have
proven safe for injection into animals at relatively high
doses [41].

Conclusions

The chiral shift reagent method presented here allows
for rapid, simultaneous monitoring of D- and L-lactate
production in cancer cells by either high-resolution
'"H NMR or CEST NMR without additional chiral
separation methods. Both isomers of lactate form
bidentate complexes with Ybs with nearly equal affin-
ities and the paramagnetic SR properties of Ybs re-
agent shift the proton resonances of D- and L-lactate
well-downfield and well-separated from each other.
Integration of the respective methyl resonances or the
-OH CEST signals provides a quantitative measure of
D- versus L-lactate. The method was used to measure
the production of D- and L-lactate in two different
human NSCLC cell lines over a 4-h period where it
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was shown that both cell lines produce an appreciable
D-lactate from glucose in an apparent GLOI expres-
sion dependent manner. The biological significance of
D-lactate production in these cells will require further
studies, but the importance of the SR-aided NMR
method reported here is that it offers other investigators a
simple method for monitoring D- versus L-lactate produc-
tion in living cells.
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