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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 Yb3) was prepared by mix-
ing the ligand (prepared and purified as described
previously[14]) with 0.95 equivalents of Yb(OH)3. 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 HCl). After filtration, the pH was
adjusted to 7 with 1 N HCl and tested (xylenol orange) for
free Yb3+ (none present). After filtering through a 2� m
membrane, the filtrate was lyophilized to give 0.60 g of
Yb3 as a cream-colored solid. m/z (ESI-MS+): 731.02
(M+H)+ calculated for C23H39N7O9Yb 731.22.

NMR spectroscopy
1H, 13C, and CEST spectra were recorded on 9.4T Varian
VNMRS direct-drive console spectrometer operating at
400 MHz (1H) and 100 MHz (13C), respectively.1H 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

were analyzed using ACD/SpecManager (Advanced
Chemistry Development, Inc., Toronto, Canada). CEST
spectra of Yb3 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
(Mz/M 0) 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 Yb3 was added to a supernatant to a final concentra-
tion of 2.2 mM. For detection ofD- 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, Yb3 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
Yb3 for NMR analysis. 3553T3 parental cells, aGlo1-
deleted clone, and cells in whichGlo1 was re-
expressed were cultured in 100 mm culture plates
with DMEM medium (Sigma, D5796) supplemented
with 10% of FBS and 20 units 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 Yb3 for NMR analysis. The number of cells

Scheme 1 The chemical structure of the YbDO3A-(L-alanylamide)
drawn as the (S)-isomer
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simple 1:1 binding model (Equation S1 and Figure S1)
[15] to yield dissociation constants (KD) of 914 ± 15� M
for D-lactate and 709 ±35� M 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 ofD- versusL-lactate in Fig.1.

Production of D- and L-lactate in erythrocytes
Erythrocytes are known to have a glyoxalase pathway
that converts methylglyoxal toD-lactate via glyoxalase
1 (GLO1) and glyoxalase 2 (GLO2) using glutathione
as a co-factor [16]. To examine whether Yb3 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 Yb3 was added to the RBCs suspension before
collection of their NMR spectra (Fig. 2). The
spectrum in Fig.2 a shows that 1.3 mML-lactate was
produced from glucose in RBCs; noD-lactate was evi-
dent in this spectrum. However, in RBCs incubated

with MG alone, a significant amount ofD-lactate (1.2
mM) was produced along with about 0.8 mML-
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 ofL-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 Yb3 remains
extracellular in the experiments with cells present.
We also collected CEST spectra of the supernatant
samples and the areas of the CEST peaks forD- ver-
sus L-lactate⋅Yb3 complexes [14] gave quantitative
values for D-Lac/L-Lac very similar to those measured
by 1H NMR (Figure S5). The disadvantage of CEST
spectroscopy for this measurement in comparison to
1H 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 B1 field and the amount of time
the applied B1 is applied.

Fig. 2 Detection of D- and L-lactate formation in erythrocytes using Yb3 (2 mM) by 1H 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 c wo/substrate. The highlighted methyl and methine resonances are assigned to L-(blue) and
D-(red) lactate
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Production of D- 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 ofGLO1
is required for the growth of human-derived NSCLC xe-
nografts in mice [23]. GLO2also 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 ofD- and
L-lactate in tumor cells, two different cell lines with high
GLO1expression (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 Yb3. The resulting1H NMR spectra (Fig.3)
show that both cell lines make appreciableD-lactate in an
apparent GLO1 expression-dependent manner (D-lac/L-
lac = 0.63 in H1648 cells and 0.26 in H1395 cells).

D-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 GLO1. Murine lung cancer cells (3553T3) ex-
pressing a guide RNA targetingGlo1 (sgGlo1) to knock

out expression of this gene, and an isogenic line in
which Glo1 was re-expressed (355T3 sgGlo1 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 Yb3 for analysis by1H NMR.
As shown in Fig.4, D-lactate was clearly evident in a
Glo1 expression level-dependent manner with high levels
of D-lactate produced from MG in the parental 3553T3
and 355T3 sgGlo1 pLHCX Glo1 cells, and noD-lactate
detection in sgGlo1 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 by1H 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 toD-lactate by se-
quential enzymatic reactions catalyzed by GLO1 and
GLO2. Even though it has been reported that mamma-
lian tissues are deficient inD-lactate dehydrogenase [31],
Tubbs et al. showed thatD-lactate is metabolized to
pyruvate by the enzymeD-� -hydroxy acid dehydrogenase
at a one-fifth rate ofL-lactate [32]. A more recent study
showed that prostate cancer cells metabolizeD-lactate
using D-lactate dehydrogenase, a mitochondrial

Fig. 3 11H NMR spectra of supernatant collected from a H1648 cells and b H1395 cells after incubation with glucose and glutamine for 4 h. After
4 h, 10 mL of media was collected, lyophilized, and redissolved into 0.4 mL water containing 5 mM Yb3 for analysis by

1H NMR (FA=45°, 9.4 T).
The highlighted methyl and methine resonances are assigned to L-(blue) and D-(red) lactate. The Western blots (inset) show differences in GLO1
expression in H1648 and H1395 cells
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