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ABSTRACT

"I* nuclear magnetic resonance spectra of human melanoma (BRO)

cells implanted in nude mice were obtained both in vitro and in vivo. The
tumors were allowed to grow in the right axillary region of six adult
Swiss nude mice to a transverse diameter of 1.5-2 cm, at which point the
in vivo â€¢"!'nuclear magnetic resonance spectra were obtained. The

animals were subsequently sacrificed and the tumor perchloric acid
extract was studied in vitro. Relative peak areas are comparable in the
two experiments with the exception of inorganic phosphate, which is
more abundant in vivo than in vitro by a factor of 4. This difference may
be attributed to a greater contribution of the necrotic portion of the tumor
to the in vivo spectra.

Resonance peaks in the spectrum of the extract were identified on the
basis of their coincidence with standards added at pH 7 and 10. Non-
energy phosphorylated metabolites present in the tumor at high levels
include phosphoethanolamine, phosphocholine, glycerol phosphocholine,
and uridine-5'-diphosplu>WV-acetyl glucosamine. Sugar phosphates and

2,3-diphosphoglycerate from blood made minor contributions to the
spectrum. The tumor also contained substantial amounts of pyrimidine
triphosphates accounting for 34% of the total nucleoside triphosphate
pool.

INTRODUCTION

Numerous studies of in vivo 3IP NMR5 measurements of

experimental tumors have appeared in the literature and have
been reviewed (1-3). However, relatively little work has been
done to confirm the identity of the 3IP resonance peaks seen in

the in vivo spectra. Besides the high energy phosphates, PCr
and NTP, other metabolites are observed in 31P NMR spectra

of tissue involved with cancer. Since such moieties have the
potential to help characterize tumors or to quantitate their
developmental stage, their identification is critical. For in
stance, it has been suggested that PME and PDE levels in
tumors may yield information concerning membrane turnover
and hence growth rate (2). This idea was formulated to account
for the observation of large PME and PDE peaks in the 31P

NMR spectra of HeLa, Friend leukemia, and lymphocyte cells
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(4), RIF-1 tumors (5), and neuroblastoma (6). These studies
indicate that the phospholipid precursors PEth and PCh con
tribute to the PME peak, while PDE corresponds to catabolic
products from phospholipids, particularly GPC and GPE (5).
Burt and Ribolow (7) suggest that high levels of GPC may
result in parallel increases in lysolecithin, which in turn could
promote cell fusion and therefore cell proliferation. It has been
hypothesized that for pathological tissue, elevated levels of R-
5-P may make a significant contribution to the PME peak (8),
indicating an active pentose monophosphate pathway. The
DPDE peak has been suggested as a potential differentiation
marker in human colon adenocarcinoma cells, as the DPDE
contribution increases when cells reach the stationary growth
phase (9). Similar observations were made in a comparison of
differentiating and nondifferentiating neuroblastoma cell lines
(10). The DPDE peak was reported to correspond to uridine-
W-acetylhexosamine, previously shown to occur in high concen
trations (3 HIM) in nondifferentiating human colon cancer cells
(11).

The identification of the resonance peaks seen in vivo is an
important prerequisite for these suggestions to be verified and
generalized to different tumor lines. The focus of this study is
the identification of the major peaks observed in a PCA extract
from human tumors implanted in nude athymic mice. The BRO
tumor is an aggressive, exceptionally lethal, amelanotic tumor
derived from a primary human melanoma (12). We find that
substantial amounts of PEth, PCh, GPC, UDP-NGlu, and
pyrimidine nucleotides are present in the PCA extract and
therefore contribute in all likelihood to the in vivo 31P NMR

spectra as well. Relative peak areas from the in vitro spectrum
were also compared with the in vivo measurements in order to
assess to what extent peak intensities measured in vivo represent
relative metabolite concentrations in the tumor.

MATERIALS AND METHODS

Tumor Implantation and Propagation. BRO human melanoma cells
(12) cultured in vitro were trypsinized, suspended in complete Eagle's

minimum essential medium containing SO milliunits penicillin/ml, SO
Hgstreptomycin/ml, and supplemental 2 mMglutamine, all from Grand
Island Biological Co. (Grand Island, NY), and 10% inactivated fetal
calf serum (Reheis Chemical Co., Phoenix, AZ). Cultures were main
tained at 37Â°Cin a humidified 5% ("().. atmosphere; 0.1 ml of this

suspension was inoculated s.c. in the right axillary region of adult Swiss
nude mice bred and maintained under pathogen-free conditions (13).
The tumors were allowed to grow to a size of 1.5-2 cm in diameter
over 15-16 days.

In Vivo 3IP NMR Measurements. Proton-coupled "P high resolution

spectra were obtained in a 9-cm clear bore, 7.04 Tesla magnet, using a
transmitter frequency of 121 MHz. A surface coil with an inner diam
eter of 10 mm was placed directly over the tumors. Spectra were
obtained by using 128 transients coherently averaged and an exponen
tial line broadening of 10 Hz applied prior to Fourier transformation.
A capillary containing a 200 HIM mÃ©thylÃ¨nediphosphonic acid was
placed on the opposite side of the coil and used as a chemical shift and
integration standard. Prior to each experiment the mice were anesthe
tized with a dose of 60 mg/kg of Nembutal diluted 1:25 in saline. The
anesthesia lasted for 40 min, allowing time for shimming the magnet
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and acquiring the spectra. In vivo spectra were obtained for six tumors
subsequently used for tissue extractions on the 15th and 16th day after
inoculation. The in vivo measurement was made by using an excitation
pulse of 7 us. an acquisition time of 170 ms, and a delay time of 5 s.
Spin-lattice relaxation times (7,) for each individual peak or spectral
region were measured separately in 10 tumors by using the progressive
saturation technique. For this purpose the delay time was varied be
tween 0.5 and 20 s. Data were obtained sequentially for each mouse
and used only if the animal did not move during the entire experiment
as observed by visual inspection. It should be noted that a full comple
ment of data could not be collected in the time allowed by a single dose
of anesthesia. This made it necessary to remove the NMR probe from
the magnet so that maintenance doses of anesthesia could be supplied.
Trial experiments showed that this procedure does not significantly
alter peak intensities or line widths in subsequent spectra, provided
that care is taken to maintain the animal in exactly the same position
with respect to the surface coil. The values of I', were then obtained by

fitting the integrated values within each individual peak as a function
of the delay time to the formula

y = j.(l _ e'*11'1)

where r is the peak area, a is the total delay time between excitation
pulses, and a is the full relaxation area.

In Vitro " 1*NMR Measurements. Mice were anesthetized as de

scribed for the in vivoexperiments. The overlying skin was immediately
removed and a funnel (1 cm in diameter) placed over the tumor. Liquid
nitrogen was poured into the funnel until the freezing front had passed
beyond the tumor (3-4 min). The mice were then sacrificed by cervical
dislocation and the frozen tumor was removed with care taken not to
include surrounding tissue; excised tumors were stored at â€”90Â°Cuntil

tissue extraction was performed. Six tumors were collected in this
manner 17 days after propagation, giving a combined total of 13 g of
excised tumor. The combined tissue was ground with a mortar and
pestle kept cold with liquid nitrogen, with the dropwise addition of
PCA (0.3 ml 25% PCA/g of tissue). Complete tissue homogenization
was achieved in a glass tissue grinder (Thomas Scientific, type B) by
using a motor-driven Teflon pestle maintained at (("( ' to 10Â°Cin an ice

bath. Chloroform was added (1 ml/g tissue) and the mixture was further
homogenized; the suspension was then centrifuged (13,000 rpm) for 15
min at 4 ( . The upper aqueous layer of the centrifugate was drawn off,
brought to pH 10 with KOH, and the resulting precipitate was removed
by centrifugation (5,000 rpm for 5 min at 4"( '). The supernatant fraction
was lyophilized overnight and the powder was stored at -25Â°C until

NMR measurements were made. On the day prior to NMR analysis
the powder was redissolved in 4 ml I !..<>:lM >(90:10) and incubated in
20 HIMEDTA.

3IP NMR spectra of PCA extracts were measured by using the Nicolet
NT-300 system described above and a 10-mm probe. Spectra were
collected in the pulse Fourier transform mode by using an excitation
pulse of 10 MS,an acquisition time of 1.6 s, a recycle time of 2.6 s, a
sweep width of Â±2500Hz, and 16 K data acquisition points per free
induction decay. Proton decoupled spectra of extracts were obtained by
using a bi-level broadband decoupling sequence (0.5/2.0 W). Typically,
25,000 transients were obtained per spectrum, and the extract was
measured at pH 10.0 and 7.0. For the area analysis of extracts, proton-
coupled spectra were acquired by using a 20-s delay time. This obviated
the need to correct for partial saturation or differential nuclear Over-

hauser effects. Chemical shifts are reported as ppm from the chemical
shift of PCr set at 0.00 ppm.

For the addition of known metabolites to tumor extracts, 10-50 uI

stock solutions, prepared from the commercial powder (Sigma Chem
ical Co., St. Louis, MO) were added to 2.0 ml of the redissolved tumor
extract. The pH of the extract solution was kept at preaddition values,
Â±0.05,by titrating with small amounts of acid or base. Proton-decou
pled spectra obtained after the addition of standards were measured
under similar conditions but using a recycle time of 2.1 s, an 8 K data
block, and collecting 5000 transients. Magnet shimming was performed
by using the deuterium signal from I>â€¢(>added to the extract solution.

RESULTS

Representative in vivo and in vitro spectra of the BRO mela
nomas are shown in Fig. 1. It is clear that both spectra share
several common features. For both, two prominent phospho-
monoester peaks (PME1 and PME2) were observed downfield
from PÂ¡.A smaller group of peaks from 7.5 to 7.0 ppm was
visible and presumed to correspond to various SPs. The PDE
peak was substantially smaller than the PME; one PDE peak
visible in the spectrum of the extract (PDE1) was obscured in
the in vivo spectrum by PÂ¡.Significant levels of PCr and NTP
are observed in the extract, suggesting that tissue freezing was
achieved without substantial tissue hypoxia. Two major peaks
corresponding to diphosphodiester (DPDE1 and DPDE2) are
observed in the in vivo spectrum centered at â€”8and â€”10ppm,

respectively. The in vitro spectrum of the extract reveals that
these peaks are actually a composite of multiple peaks, as
described below.

Relative peak areas and chemical shift regions for the major
structures observed in the in vivo and in vitro spectra of the
same tumors are summarized and compared in Table 1. It
should be noted that the in vitro results were obtained from the
six tumors which were isolated from surrounding tissues and
removed in their entirety, processed, and then pooled for the
NMR experiment. In contrast, the in vivo results were averages
of 12 NMR spectra obtained for the same 6 tumors independ
ently, and in conditions such that the signals came predomi
nantly from the center of the tumor. In view of these differences,
there is substantial agreement between in vivo and in vitro peak
area distributions, with the most significant difference observed
for PÂ¡.

It should be further noted that, in order for relative peak
areas obtained from 3IP NMR spectra to give a valid measure

of relative metabolite concentration, data must be collected
with a delay time between successive excitation pulses suffi
ciently long to allow for complete 7",relaxation. In essence, this

implies that the delay time should be about four to five times
longer than the spin-lattice relaxation time 7',. As part of this
study, TÂ¡values were measured for the various 3IP resonance

peaks observed in 10 tumors; the resulting mean values and
their standard deviations are reported in Table 2. For the in
vivo spectra, the total delay time used was 5.17 s; this choice

Pi

PME
In Vivo

-5
1 l
-10 -15 ppm

Fig. 1. Representative spectra obtained in rivo and in rimi, showing several
common features, in particular the presence of strong PME and DPDE contri
butions.
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Table 1 Comparison of relative peak areas for in vitro and in vivo }'P NMR

spectra of melanoma tumors

PeakTotal

PMESPPME1PME2PiTotal

PDEPDE1PDE2PCrHEP

region1T-NTP/3-NDPHEP

region2a-NDPa-NTPDPDE1DPDE2(3-NTPIntegration

window(ppm)8.1

to7.17.1
to6.76.7
to6.35.8
to5.64.0

to3.73.1
to2.80.1
to-0.1-2.4

to-2.8-2.8
to-3.2-7.2

to-7.6-7.6
to-8.0-8.0
to-8.6-9.6
to-10.1-18.0
to -18.6%

of relative peakarea"In

vitro1''"34.05.818.110.15.97.21.95.33.013.78.94.822.23.610.58.15.38.7Invivo*24.5

Â±4.324.1

Â±7.88.6
Â±2.76.4

Â±5.49.7
Â±3.316.1

Â±3.33.9

Â±1.46.7
Â±1.9

Â°All values are expressed as a percentage of the total peak area for the
spectrum. Correction for differential nuclear Overhauser effects was not required
since proton decoupling was not used.

'Areas measured for the proton coupled "I' spectrum of the combined PCA

extract (adjusted to pH 10.0) of six tumors frozen 17 days after implantation
(1500 transients, 21.6-s recycle time).

''The PME, PDE, and the high energy phosphate HEP region 1 and HEP

region 2 are defined so as to correspond to observed, unresolved regions of the in
vivo spectra. They are further resolved in vitro and the individual contributions of
the visible components are listed.

d Mean values and standard deviations of the areas obtained for the same six
tumors in vivo; 128 transients were collected per spectrum with a 5.2-s recycle
time; 2 spectra were obtained for each animal during the 24 h preceding sacrifice.
The relative contributions are corrected for partial relaxation effects, as discussed
in the text.

Table 2 Spin lattice relaxation times (Ti)for different regions of the in vivo 3>P

NMR spectra of melanoma tumors
Mean values and standard deviations for the eight peaks or regions observed

in vivo. The notation is that used in Table 1, footnote (h). Ten tumor-bearing
animals were used for this study, as described in the text. At least five spectra
were obtained for each tumor, with delay times variable between 0.5 and 20 s.For each tumor, the value of /', and its estimated error was then obtained as

described in the text. Mean values and standard deviations were obtained by
weighting the T, values calculated for each tumor by using the inverse of its
estimated error.

PeakPMEPIPDEPCrHEP1"HEP2DPDE20-NTPr.(s)2.0

Â±0.91.4
Â±0.61.2

Â±1.00.5
Â±0.30.8
Â±0.40.8
Â±0.20.6
Â±0.30.5
Â±0.3

"HEP1, high energy phosphate region 1.

was made in order to ensure that the spectra could be collected
while the animals remained adequately anesthetized. The data
in Table 2 show that the greatest error arising from the use of
this delay time occurs for the PME peak, the area of which is
underestimated by 7%. The percentage of areas reported in
Table 1 have been corrected for this effect; the correction is
always significantly smaller than the standard deviations ob
served. Addition of standards to the PCA extract was performed
at both pH 7.0 and pH 10.0. The criterion for a positive
identification was coresonance of the peaks in the extract with
the peaks due to the added standards at both pH values. This
procedure is illustrated for the PME region in Fig. 2, which
displays a series of spectra obtained from the extract adjusted
to pH 10.0 after the successive addition of the metabolites
indicated. PCh coresonates with PME2 at both pH 10.0 (6.45
ppm) and pH 7.0 (6.34 ppm). Sugar phosphates (8.1 to 7.1)
ppm) such as glucose 6-phosphate (7.58 ppm) or glycerol 3-

A /IYAA l+PEth
'*-*â€¢â€”'iĵ jV /Vâ€”

A /SvJl/l 1+pstr
JV^ 'U] VJ |^-* 'v ^

8765 ppm

Fig. 2. Effects of the consecutive additions of different standards to the PCA
extracts in the PME region. The symbol * denotes the appearance of new
resonance peaks after the addition of the standards listed above the spectrum.
Signal enhancements at, and only at, the exact position of original peaks after
addition of a standard (consonance) served to identify the major peaks in this
region as due to PEth and PCh, respectively. PSer, phosphoserine.

No Additions

-8 -9 -n ppm

Fig. 3. Illustration of the identification of the resonances in the HEP region
2. The symbol * denotes the appearance of new resonance peaks after the addition
of the standards listed above the spectrum. In addition to ATP and ADP signals
there are distinct signals due to UDP-NGIu, UDP-NGal, and UTP, respectively.

phosphate (7.41 ppm) made negligible contributions to the
PME region relative to other metabolites. Other minor peaks
coresonate with AMP (6.90 ppm), phosphoserine (7.02),
NADP (6.63 ppm), and DPG (6.94 and 6.60 ppm). At pH 10.0,
both PEth and R-5-P coresonate with PME1 (6.97 ppm).
However, a spectrum of the extract without decoupling revealed
an H-P coupling constant of 6.8 Hz, which is in good agreement
with PEth (6.7 Hz) and poor agreement with R-5-P (5.0 Hz).
Furthermore, at pH 7.0, PEth still coresonates with PME1
(6.80 ppm), while R-5-P does not (6.50 ppm). Additions of
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-17.0 -17.3 -180 -185 -19.0 ppm

Fig. 4. Identification of the peaks in the ..Ml1 region showing the presence
of both purine and pyrimidine triphosphates. The symbol * denotes the appear
ance of new resonance peaks after the addition of the standards listed above the
spectrum.

stock GPE and GPC coresonate with PDE1 (3.85 ppm) and
PDE2 (2.94 ppm), respectively.

A similar analysis performed for the -7- to -11-ppm region
of the spectrum is shown in Fig. 3. At pH 10.0, peaks in this
region were found to coresonate with UDP-NGlu (-8.14,
-8.31, -9.88, -10.05 ppm). UDP-NGal (-8.11, -8.28, -9.73,
-9.90 ppm), ATP (-7.81, -7.97 ppm), UTP (-7.87, -8.03
ppm), ADP (-7.44, -7.63 ppm), and UDP (-7.52, -7.72 ppm).
Several other standards were added to the extract but did not
coresonate with peaks in the extract. These include NAD
(-8.11, -8.25, -8.43, -8.60 ppm). UDP-Glu (-7.97, -8.13,
-9.62, -9.79 ppm), CDP-Eth (-7.75, -7.97, -8.14, -8.31
ppm), UDP-Gal (-7.91, -8.07, -9.44, -9.61 ppm), CDP-Ch
(-8.16, -8.34, -8.96, -9.14 ppm), and CDP-Glu (-7.91,
-8.14, -9.62, -9.79 ppm).

It is worth noting that multiple peaks are revealed in the
region of 0-NTP in the extract spectra (Fig. 4). Similar results
were obtained for the 7- and o-NTP peaks (Fig. 3). Addition of
standards to the extract showed distinct resonance peaks for
ATP and GTP (-18.08, -18.24, -18.40 ppm) compared to
UTP and CTP (-18.17, -18.34, -18.49 ppm). From the rela
tive peak areas we estimate that purine and pyrimidine triphos
phates are both present, the first accounting for 66% and the
second for 34% of the total.

DISCUSSION

Relative peak areas of in vivoand in vitro peaks are similar
with the exception of PÂ¡.We ascribe this difference to the fact
that /// vitro the whole tumor is collected and analyzed, whereas
in vivo we analyze predominantly the central portion of the
tumor. In these tumors the center contains fewer viable cells
than the periphery, and is therefore expected to contribute a
signal containing a higher inorganic phosphate contribution
than the remainder of the tumor.6

The two major peaks in the PME region correspond to PEth
and PCh, with minor contributions from SP, NMP, DPG,
NADP, and phosphoserine. Low levels of DPG suggest that
the amount of blood present in the tumor extract is small. Our

* D. Ranney and P. Antich, unpublished data.

results clearly show that in this melanoma R-5-P levels are low
and do not correspond to PME1 or PME2. The low levels of
glucose 6-phosphate and other SP suggest that the glucose and
glycogen utilization pathways are not as active as reported for
human adenocarcinoma cells (9).

The fact the NMP and DPG levels are low suggests that
these metabolites do not affect the determination of intracel-
lular pH from the chemical shift of PÂ¡(pHP.) in vivo.Further
more, the high levels of PEth and the ability to resolve PEth
and PCh in vivosuggest that the chemical shift of PEth can be
used to determine intracellular pH (pH,,). as recently done for
neonatal brain tissue (14). For these tumors, a pH,, of 6.8 Â±
0.2 and a pHt, of 6.6 Â±0.4 were obtained. A study of the
dynamics of intracellular pH under treatment will be reported
elsewhere.

As in the cases of HeLa (4), Friend erythroleukemia (4),
lymphoid (4), adenocarcinoma cell cultures (9), RIF-1 cells (5),
and breast cancer cells (14), two prominent DPDE peaks are
observed in this implanted melanoma. DPDE1 has been re
ported by other workers to correspond to NAD (4, 5, 9, 14).
DPDE2 was assigned to UDP-Glu in breast cancer cells (15)
and rhabdomyosarcoma implanted in rats (2), or to UDP-JV-
hexosamines in human adenocarcinoma (9). However, in the
present study high resolution spectra of the melanoma extracts
revealed that DPDE1 and DPDE2 correspond primarily to
UDP-NGlu with a smaller contribution from UDP-NGal. Al
though metabolites such as NAD and UDP-Glu may be present
in the melanoma, their relative contribution to the " P NMR

signal is small. In view of the high levels of PEth and PCh,
there was the possibility that the DPDE peaks could correspond
to either CDP-Ch or CDP-Eth, or both. It is important to
establish whether high concentrations of CDP-Eth exist in
tumors, since CDP amines have been suggested to stimulate
phospholipid synthesis and membrane assembly in cerebral
tissue (16). This possibility was discounted from the addition
of these metabolites to the extract, and the observation of
resonance peaks distinct from those of the tumor.

It is not clear why high levels of PEth, PCh, and UDP-NGlu
are present in tumors. In neonatal brain, a rapidly proliferating
normal tissue, the high levels of PEth (but not PCh or UDP-
NGlu) have been observed and are presumed to correlate with
high rates of phospholipid synthesis (14). PEth, PCh, GPE,
and GPC in tumors have been proposed to accumulate because
of tumor necrosis and phospholipid decomposition (5, 7). Al
ternatively, these metabolites may accumulate in regions of
rapid phospholipid biosynthesis (7). UDP-NGlu accumulates
in colon cancer cells which have reached a stationary growth
phase (11). If this were also the case for this melanoma, it
would be difficult to reconcile the hypothesis of accumulation
of PEth and PCh due to phospholipid synthesis, with a high
level of UDP-NGlu.

The NTP pool in the BRO melanomas contains a substantial
(34%) contribution of pyrimidine triphosphates, as observed in
other tumors (5,9). Although the "P NMR experiment cannot

differentiate between UTP and CTP, it seems most likely that
the major pyrimidine triphosphate is uridine, since higher levels
of UTP have been found in another tumor (5). Likewise at the
magnetic field strength used here, ATP and GTP remained
unresolved. However, preliminary results from ion Chromato
graphie analysis of the PCA extract have confirmed the purine
to pyrimidine ratio reported above, with ATP and UTP as the
major nucleotide in each group, respectively.

In summary, the quantitation and assignment of" P NMR

peaks has been thoroughly investigated for BRO melanoma.
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Both in vivo and in vitro spectra indicate the presence of high
levels of phosphomonoesters (PEth and PCh), phosphodiesters
(GPE and GPC), and diphosphodiesters (UDP-NGlu and
UDP-NGal). In comparison, 31P NMR spectra from normal

muscle tissue do not show these features as prominently (17).
However, it remains to be seen to what extent the concentration
of these metabolites change as a function of tumor growth or
therapeutic protocols. In addition, it is unclear whether all
cancers will show high levels of the same metabolites, or will
have other distinguishing characteristics. We believe that com
bined ;'// vivo and in vitro NMR analysis, plus other analytical

methodologies such as high pressure liquid chromatography,
will be critical to assessing the full potential of /'// vivo NMR as

a noninvasive tool in cancer research.
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