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Flucytosine (5-FC)-resistant strains were isolated from the haploid opportunistic pathogen Candida glabrata
by UV-induced mutation and fluoropyrimidine selection. These strains were characterized biochemically, and
the metabolism of fluorinated pyrimidines was studied by '°F nuclear magnetic resonance spectroscopy. No
evidence was obtained from these studies for degradative metabolism of the fluorinated derivatives. In the
parental susceptible strain of C. glabrata, 5-fluorouracil but not 5-FC was detected within the cells.
5-Fluorouracil was also present in the culture supernatant after incubation of the cells with 5-FC. The
distribution of fluorinated derivatives within the 5-FC-resistant strains was consistent with their genotype. Two
strains of C. glabrata which had only a partial loss of cytosine deaminase and UMP pyrophosphorylase activity
had high levels of resistance to 5-FC. Both C. glabrata and Candida albicans were susceptible to 5-fluorouridine.
This compound but not the anticancer drug S-fluoro-2-deoxyuridine was shown to be transported into

susceptible cells by a specific uridine permease.

Nuclear magnetic resonance (NMR) spectroscopy is a
powerful method for identifying drug metabolites (33) and
investigating drug-receptor interactions in cell-free solutions
(13). It can also be used noninvasively to study metabolism
in vivo in microorganisms, isolated tissues, intact animals,
or humans (18). The practical application of NMR spectros-
copy in these living systems, however, is limited by sensi-
tivity considerations.

The °F nucleus has the second-highest NMR sensitivity
of the stable nuclei (ca. 85% of that of 'H at constant field).
It is the naturally occurring isotope of fluorine (100% natural
abundance) and is not present in living systems to any
significant degree. The °F chemical shift range is large so
that the resonance of any compound labeled with °F can
often be unambiguously assigned. ®)F NMR is therefore
particularly suitable for in vivo investigations of exoge-
nously administered fluorinated chemicals. For example, it
provides a most sensitive method for the accurate in vivo
measurement of many cations of biological importance (1,
12) and has allowed direct observation of the fluorinated
anticancer drug S-fluorouracil (5-FU) and its metabolites in
the liver and in implanted lung carcinomas in mice (23), in
cultured tumor cells (11), in Escherichia coli (6) and, more
recently, in the liver (22, 31), plasma, and urine (8) of
patients undergoing chemotherapy. In addition, it has been
used to demonstrate tumor trapping of 5-FU in tumor-
bearing humans and rabbits (32). NMR spectroscopy has
also been successful in demonstrating the existence of two
distinct pathways of 5-FU degradation in E. coli (14).

F NMR spectroscopy has also been employed in a
preliminary study of the uptake and metabolism of the
clinical antifungal drug S-flucytosine (5-FC) in the medically
important yeast Candida albicans (10). A similar but more
quantitative approach was adopted to study 5-FC metabo-
lism in three C. albicans strains and one Candida tropicalis
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strain (25). Results from these studies complemented each
other and were consistent with the assigned genotypes of the
strains used; in addition, they established the basic condi-
tions under which >F NMR spectroscopy may be used to
obtain significant information on 5-FC metabolism in viable
cells of Candida spp. Similar studies have been reported
with Aspergillus spp. in which it has been shown that the
main pathway of 5-FC metabolism is via the pyrimidine
salvage pathway to S-fluorouridine triphosphate (5-FUTP).
In Aspergillus fumigatus, the catabolite and a-fluoro-B-
alanine were also detected (3). Although 5-FC and its deriv-
atives can be readily detected in the soluble pool of intact
cells, it is not possible to detect these compounds once they
are incorporated into cellular macromolecules without prior
degradation (20, 26).

From biochemical studies, it is known that in yeasts 5-FC
is deaminated to 5-FU and that 5-FU is subsequently phos-
phorylated to 5-FUMP and 5-FUDP. This latter compound
can be converted to either S-FUTP or to 5-fluoro-2’-deoxy-
uridine-5’-monophosphate (5-FAUMP), which, together or
independently, determine the antifungal activity of 5-FC via
production of aberrant RNA or inhibition of DNA synthesis,
respectively (21, 25) (Fig. 1). The antifungal activity of
S-fluorouridine (5-FUrd) can be explained on a similar basis,
following its conversion to 5S-FUMP (Fig. 1).

In the present study, we addressed the biochemical mech-
anisms of action of 5-FC in a related pathogenic yeast, C.
glabrata. The choice of organism was dictated by the fact
that C. glabrata is haploid (30) and therefore gives rise to a
wider range of mutants resistant to 5S-FC (and other fluori-
nated pyrimidines) than does the diploid C. albicans when
subjected to UV mutagenesis and selection (5). For these
studies, a range of mutant strains of C. glabrata resistant to
the inhibitory effects of 5-FC and 5-FUrd because of specific
lesions in enzymes of the pyrimidine salvage pathway was
employed (Table 1). This study was extended to include an
analysis, in both C. albicans and C. glabrata, of the fate of
the fluorinated pyrimidine nucleosides 5-FUrd and 5-fluoro-
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FIG. 1. Presumed biochemical pathways of 5-FC and 5-FU me-
tabolism in Candida spp. Pathways: 1, cytosine permease; 2, uridine
permease; 3, cytosine permease; 4, pyrimidine phosphoribosyl
transferase.

2'-deoxyuridine (5-FdUrd), which are widely used in the
treatment of disseminated human cancers (17).

MATERIALS AND METHODS

Chemicals. All fluorinated pyrimidines were products of
the Sigma Chemical Co., St. Louis, Mo., except for
5-FdUMP, which was obtained from Behring Diagnostics,
La Jolla, Calif. [2-**C]cytosine was obtained from CEA,
Cedex, France; [2-'*Cluracil and [2-*Cluridine were ob-
tained from Amersham International plc, Amersham, United
Kingdom. D,0 was obtained from Norsk Hydro. All other
chemicals used were of analytical grade.

Organisms. C. glabrata 4 (30) and C. albicans 72S (29)
were used as the parental (wild-type) strains in this study.
Mutant isolates were obtained from these by UV mutagen-
esis and fluoropyrimidine selection, as previously described
(5). These mutants were defective in specific functions of
(fluoro)pyrimidine transport or metabolism. The biochemical
characteristics of these strains are given in Table 1. ’

All strains were routinely maintained on Yeast Morphol-
ogy Agar (Difco Laboratories, Detroit, Mich.) plates at 37°C.
Cells for NMR experiments were grown in Yeast Nitrogen
Base (Difco Laboratories, Detroit, Mich.) made up in 0.1 M
phosphate buffer (pH 7.0) containing 1% (wt/vol) glucose
and 0.15% (wt/vol) asparagine (B-YNB-GA). '

" Samples for NMR measurements. Yeast-form cells of C.
albicans and C. glabrata were pregrown in B-YNB-GA
medium for 24 h with agitation (190 rpm) at 37°C. Cells were
washed in 0.9% sterile saline and suspended in fresh, pre-
warmed (37°C) B-YNB-GA containing 100 g of 5-FC or
5-FUrd per ml at a final cell concentration of 10 cells per ml.
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The cells were then incubated with moderate agitation (110
rpm), and 20-ml samples were removed after 1, 3, or 5 h or
as described below.

For each time point of incubation, cells were harvested by
centrifugation and the supernatant fluids were stored at
—20°C. The pelleted cells were washed with 0.9% sterile
saline containing MgSO, (12 mM), suspended in B-YNB-
GA, and packed into a 5S-mm NMR tube to a final volume of
0.6 to 0.8 ml which contained approximately 2 x 10'° cells.
Supernatants were thawed prior to NMR analysis and con-
centrated by rotoevaporation at 30°C. The residual deposit
was then dissolved in 0.075 M citrate buffer, pH 6.0,
containing D,0 (20%, vol/vol) and transferred into a 5-mm
diameter NMR tube in a final volume of 0.7 ml.

In some experiments, perchloric acid (PCA) extracts of
highly susceptible C. glabrata were prepared. The cell pellet
was stirred in 1.3 M PCA at 0°C for 10 min. The mixture was
centrifuged, and the deposit was extracted twice with 1.3 M
PCA; the three supernatant extracts were collected and
carefully neutralized with 3 M KOH to a pH of 5 to 6. After
a 24-h interval to allow precipitation of KCIO,, the extracts
were concentrated by rotoevaporation at 30°C and further
prepared for NMR analysis in the same way as the superna-
tants. The number of viable cells did not change during the
S-fluoropyrimidine treatment, as assessed by comparing the
number of CFU in suspensions at the beginning and end of
drug treatment.

NMR measurements. °F NMR spectra were recorded
without proton decoupling in 5-mm NMR tubes at 20°C by
using a Brucker AM 400 wide-bore NMR spectrometer
operating at 376 MHz. The field-frequency ratio of the
spectrometer was stabilized by locking on the D,O reso-
nance for spectra of supernatants and acid extracts. Spectra
for cell suspensions were recorded unlocked, but no NMR-
detectable drift was observed over the duration of the
experiments. The °F spectra were obtained by Fourier
transformation of 200 to 20,000 accumulated free-induction
decays (FIDs) with an exponential line broadening of 2 Hz
for supernatants and extracts and of either 15 or 25 Hz for
cell suspensions (see figure legends for details). In the case
of cell suspensions, FIDs were accumulated in blocks of 500
to check for time-dependent changes; none was observed,
and so blocks were co-added prior to transformation. FIDs
consisting of 16,000 datum points were acquired by using a
sweep width of 10 kHz, a nominal pulse width of 45°, and
interpulse intervals of 2 s for supernatants and extracts and
0.82 s for cell suspensions.

Peak assignments were performed by spiking the samples
with standard fluoropyrimidines (when available) when only
one signal was present or by correlating the chemical shifts
of the signal observed with those of the known standards at
the same pH value (see below) if two or more signals were
detected. The frequency of the resonance signal (chemical
shift) was measured in parts per million relative to 5-FU,
whose chemical shift at pH 4.86 was taken as 0 ppm.
Coupling constants for ’F nucleoside derivatives were
determined from the spectra reported in Fig. 13. These were
5.5, 6.0, and 8.0 Hz for the mono-, di-, and triphosphate
nucleosides respectively. Values were not determined for
5-FC and 5-FU.

Because there was variation in pH between the sample
categories analyzed (intact cells, supernatants, and acid
extracts) and also between different samples of the same
sample category, it was important to determine whether the
chemical shifts of the fluorinated species detected were
affected by changes in the pH value. This was performed by
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taking spectra of 0.1 M phosphate solutions containing
5-FU, 5-FUrd, 5-FC, and 5-FAUMP at a series of pH values
within the approximate pH range of 5 to 9. The observed pH
variation of the samples was well within this range. Enough
hydrochloric acid was added to the solution to bring the pH
to 4.86. The solution was then titrated with NaOH, and its
pH value was measured by a pH meter fitted with a 4-mm
Russell electrode to permit measurement in 5-mm NMR
tubes.

Ability to utilize pyrimidines as nitrogen sources. Cells were
grown by using Difco Yeast Nitrogen Base without amino
acids and (NH,),SO, containing 1% (wt/vol) glucose; 1.0 mg
of cytosine, uracil, or uridine per ml as nitrogen source; and
2% (wt/vol) agar. Approximately 10° cells were spotted onto
the agar, and the plates were inspected for growth of the
yeast after 1 week of incubation at 37°C.

Fluoropyrimidine susceptibility testing. Broth dilution tests
were performed in duplicate with Difco Yeast Nitrogen Base
containing 1% (wt/vol) glucose (YNBG). Drugs were dis-
solved in the same medium and diluted in tubes to concen-
trations ranging from 1,000 to 0.01 wg/ml. Yeast inocula were
obtained from overnight cultures grown in YNBG at 37°C
with shaking at 150 rpm; ~10° CFU, as determined by plate
counts, was used to inoculate 5 ml of medium plus drug.
After 24 h of incubation at 37°C with shaking at 150 rpm, the
growth of the cultures was determined turbidimetrically at
600 nm by using drug-free medium as a blank. The readings
were used to calculate ICs,, a value for the concentration at
which the fluoropyrimidine had a standard effect on growth
yield, defined as the lowest concentration at which %T >
%T controt + 0.5(100 — %7 onero)s Where %T is the percent
transmission of the culture grown in the presence of the drug
and %T .. is the percentage transmission of the control
culture grown in the absence of the drug. A 50-pl portion
from each culture at each concentration tested was plated
onto Yeast Morphology Agar after a brief sonication to
disperse clumps of cells, and the plates were incubated for 48
h at 37°C. The concentration of drug resulting in complete
loss of viability was termed the fungicidal value.

Uptake of nucleosides. Cells were grown from a small
inoculum (~10* CFU/ml) in 5 ml of YNBG broth in the
presence of radiolabeled pyrimidines ([2-}*C]cytosine, [2-C]
uracil, or [2-**Cluridine) for 18 h at 37°C with shaking at 150
rpm. After this period, the suspension density was deter-
mined turbidimetrically at 600 nm, PCA was added to a final
concentration of 5% (wt/vol), and the resulting mixtures
were placed on ice for 1 h. They were then filtered through
presoaked (water) Whatman GF/C filter disks, washed twice
with 10 ml of ice-cold 5% (wt/vol) PCA, and dried, and the
radioactivity was measured in the presence of Optiscint
HiSafe (LKB) scintillant in a Beckman LS3801 scintillation
counter. The specific activity of the [**C]pyrimidines was
held constant at 0.01 p.Ci/wmol, and the pyrimidine concen-
tration was varied from 100 to 2,000 pM. Uptake is ex-
pressed in counts per minute per unit of optical density and
indicates the ability of a particular strain to salvage pyrimi-
dines from the extracellular medium into its nucleic acids.:

Measurement of enzyme activities and preparation of cell
extracts. Cells grown at 37°C in YNBG with shaking at 190
rpm were harvested in the exponential phase to yield ap-
proximately 200 mg dry weight, washed once in distilled
water, and suspended in 3 ml of Tris or phosphate buffer
(0.05 M, pH 7.4) in a large boiling tube. Tube and contents
were cooled on ice for 10 min. Glass beads (0.45 to 0.50 mm,
B. Braun Melsungen AG) were added to just below the
meniscus, and the cells were broken by vigorous agitation on
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a vortex mixer for periods of 30 s with cooling on ice in
between. After checking for at least 95% breakage by
microscopic examination, the homogenate was centrifuged
for 5 min at 800 X g to remove glass beads and broken cells,
and the supernatant was stored on ice and used within 1 h as
enzyme source.

Enzyme assays. Cytosine deaminase activity was deter-
mined spectrophotometrically as previously described (9).
Measurements of the activities of UMP pyrophosphorylase
and uridine kinase have also been described previously (10).
The methodology involves the assay of radioactivity ad-
sorbed to cationic disks after incubation with radiolabeled
precursor. In both cases, the product (UMP) but not the
labeled substrate (uracil or uridine) remains fixed to the
disks, whereas the substrate is eluted by washing. Uridine
ribohydrolase activity was measured spectrophotometrically
(2). Protein determinations were carried out as previously
described (16).

Composition of soluble pyrimidine pool. Cells grown over-
night on Yeast Morphology Agar were inoculated into 5 ml
of YNBG medium containing radiolabeled cytosine, uracil,
or uridine (50 uM; 1 wCi/pmol). The culture was incubated
overnight at 37°C with vigorous shaking (190 rpm). After 15
h of incubation, the stationary-phase cells were harvested by
centrifugation, washed twice with fresh medium, and sus-
pended in 200 pl of ice-cold PCA (5% wt/vol). After 1 h, the
PCA insoluble material was removed by centrifugation and
the supernatant was chromatographed. Samples were ap-
plied to Whatman 1-mm paper and chromatographed by
descending chromatography for 18 h with isopropanol-
water-11.6 M HCI (130:37:33, vol/vol). Radioactively la-
beled uracil, cytosine, and uridine were used as standard
markers. After drying, radioactivity was located on the
developed chromatogram by cutting out paper strips 1 cm
wide progressively from the base line to the solvent front and
measured in a 2,5-diphenyloxazole (PPO)-toluene mixture (5
mg/ml) with a Packard Tri-Carb liquid scintillation spectro-
photometer.

RESULTS

pH titration and peak assignments. The products of fluo-
ropyrimidine metabolism in fungi may include the free base
and nucleoside (5-FU, 5-FUrd), the nucleotide products
(5-FAUMP, 5-FUMP, 5-FUDP, 5-FUTP), and the catabo-
lites (dihydrofluorouracil, fluoroureidopropionic acid, flu-
oro-B-alanine, fluorocitrate, and fluoroacetate), as well as
S-FC.

Fig. 2 illustrates how the chemical shifts of 5-FU, 5-FUrd,
S-FC, and 5-FAUMP vary with pH. The chemical shift of
5-FU at the lowest pH tested (4.86) was taken as reference
and was arbitrarily set at 0.00. The chemical shifts of 5-FU
and 5-FC show little variation with pH within the range
tested, though S5-FU certainly titrates over this pH range,
whereas those of S-FUrd and 5-FdUMP vary considerably.
The values obtained were fitted to the Henderson-Hassel-
bach equation by using the simplex method for function
minimization to fit values to constant terms of a given
equation using experimentally determined results (15). From
the values obtained, pK, values of 7.72 + 0.16, 7.54 = 0.17,
and 7.40 = 0.13 were determined for 5-FU, 5-FUrd, and
5-FAUMP, respectively. The pK, values for 5-FU and
5-FUrd are in agreement with previously published values
(15, 28).

IF NMR spectra of 5-FC metabolites in highly susceptible
C. glabrata 4 (wild type). Fig. 3 shows the °>F NMR spectra
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FIG. 2. Fluoropyrimidine chemical shifts as a function of pH. [,
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recorded after 1, 3, and 5 h of incubation of the 5-FC-
sensitive, wild-type C. glabrata 4 with 5-FC. After 1 h of
treatment, two intracellular °F signals were detected: a
signal at 0 ppm attributable to 5-FU and a second signal
approximately 4.5 ppm downfield, attributable to fluoronu-
cleotides (5-FNTs). From 1 to 5 h, metabolism in intact cells
progressed, as indicated by the increase in the ratio between
the peak area of the signal corresponding to S-FNTs to that
corresponding to 5-FU.

The fact that no intracellular 5-FC signal was detected,
even at the earliest time point of incubation of 1 h, indicates
that 5-FC is rapidly taken up and deaminated to 5-FU and
that these two steps occur at a faster rate than do subsequent
(5-FU—5-FNTs) metabolic steps. The 5-FNTs signal after 1
h of incubation appears composite, suggesting the presence
of more than one fluorinated species. This suggestion was
confirmed in the spectrum of acid extracts of cells taken after
2 h incubation with 5-FC, which shows two peaks at ~4.3
and ~4.4 ppm (Fig. 4): the former is tentatively assigned to
a monophosphate 5-FNT species, and the latter signal pos-
sibly to a di- or triphosphate 5-FNT species.

Fig. 5 shows the spectra of the supernatants of intact cells
treated with 5-FC. After 1 h of incubation, two extracellular
signals could be detected: a large signal at 0 ppm (5-FU) and
a much smaller signal ~1.4 ppm downfield attributable to
S-FC. The presence of a 5-FU signal in the supernatant
indicates that efflux of intracellular 5-FU occurred. Extra-
cellular deaminase activity was ruled out as an explanation
for the above results because no such activity could be
detected in the cell supernatants, despite an average level of
intracellular cytosine deaminase activity of 20 nmol uracil
formed per min per mg of protein in C. glabrata (Table 1).
Cell damage and subsequent release of intracellular contents
was also dismissed as an explanation on the basis that cell
viability did not change during S-fluoropyrimidine treat-
ments.

Measurement of the relative peak areas of the resonance
signals in Fig. 5 after 1 h of incubation indicated that the
amount of 5-FU in the extracellular medium was ca. 20 times
the amount of 5-FC. This means that the deamination of
5-FC and subsequent efflux of 5-FU from the cell occur very
rapidly relative to the transport of 5-FC into the cell. The
small amount of residual, unmetabolized 5-FC was subse-
quently metabolized, as indicated by the absence of 5-FC in
spectra taken after 3 and 5 h of incubation. From an overall
consideration of the spectra of intact cells and their super-
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5-FNTs

5-FU
5h
3h
1h
EERERERREE:

PPM

FIG. 3. F NMR spectra of intact cells of S-FC-susceptible C.
glabrata 4 incubated with 5-FC for 1, 3, and 5 h. For each sample,
3,500 FIDs were accumulated and a line broadening of 2 Hz was
used. The pH of the samples when the spectra were recorded was
6.9 to 7.1.
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5-FdUMP

5-FU

46 4.4 4.2 PPM

7 6 5 4 3 2 1 0 -1 -2
PPM
FIG. 4. F NMR spectrum of an acid extract of C. glabrata 4
incubated with 5-FC for 2 h. 20,000 FIDs were accumulated, and a
line broadening of 2 Hz was used. The pH of the sample when the
spectrum was recorded was 5.55.

natants, it is clear that transport of 5-FC into the cell, its
subsequent deamination to 5-FU, and 5-FU efflux from the
cell all occur very rapidly in the context of overall 5-FC
metabolism.

1F NMR spectra of 5-FC metabolites in cytosine deaminase-
deficient strains of C. glabrata. Fig. 6 and 7 show the NMR
spectra taken after 1, 3, and 5 h of incubation of C. glabrata
cd3 and cd4, which are resistant to 5-FC because they have
a deficiency in their cytosine deaminase function (Table 1).
In strain cd3 only one intracellular signal was detected after
1 h of incubation with 5-FC (Fig. 6). This signal is attribut-
able to 5-FC, and its size increases between 1 and 3 h of
incubation, after which time it remains constant. As ex-
pected, the only signal present in the culture medium is that
corresponding to 5-FC; this signal shows a decrease between
1 and 3 h which is consistent with the intracellular increase
during this time (not shown).

These results are in contrast with those for the parental
strain (Fig. 3) but are consistent with the phenotype of
strain cd3, which is unable to deaminate 5-FC. After 1 h of
incubation with 5-FC, C. glabrata cd4 showed three intra-
cellular signals at 0, ca. 1.2, and ca. 4.3 ppm, corresponding
to 5-FU, 5-FC, and 5-FNTs, respectively. These signals can
be explained by considering that in this strain, the lesion at
the cytosine deaminase locus is not absolute (as it is in strain
cd3) and there is some residual cytosine deaminase activity.
This accounts for the presence of both some unmetabolized
intracellular 5-FC and the same products of 5-FC metabo-
lism which were detected in the wild type (Fig. 3), i.e., 5-FU
and the 5-FNTs. This explanation would predict efflux from
strain cd4 of some of the 5-FU formed, as occurs in the wild
type (Fig. 5). The spectrum of the supernatant fluid of strain
cd4 (Fig. 8) shows that efflux did occur, albeit at a much
lower level than in the wild type, as indicated by the relative
peak area ratios (5-FC/5-FU) in the two strains.

After 3 and S h of incubation, 5-FU was barely visible in
the intracellular pool, and the increase in the ratio of 5-FU
metabolites (5-FC and 5-FNTs) to 5-FU indicates the pro-
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3h B

5-FU
h sFC |
T8 5 4 3 3 1 0 T o
PPM

FIG. 5. 'F NMR spectra of the supernatants from suspensions
of C. glabrata 4 incubated with S-FC for 1, 3, and 5 h. For each
sample, 200 FIDs were accumulated and a line broadening of 2 Hz
was used. The pH of the samples when the spectra were recorded
was 5.3t05.5.

gression of 5-FU metabolism, particularly between 1 and 3 h
(Fig. 7); there is a corresponding increase in the levels of
5-FC and 5-FU in the supernatants; the ratio of these two
signals remains roughly constant for up to 3 h of incubation,
after which time it decreases as the extracellular concentra-
tion of 5-FC increases (Fig. 8). This behavior can be ratio-
nalized in terms of altered intracellular (fluoro)pyrimidine
pool levels caused by a disturbance of the normal flux rate of
cytosine deaminase. The results also suggest that under
these anomalous conditions, 5-FC may be transported out of
the cell, presumably by being driven in reverse through the
cytosine transporter, although this result was not observed
in strain cd3.

Strains cd3 and cd4 have the same high level of resistance
to 5-FC (Table 1), and there is a direct correlation between
the levels of cytosine deaminase activity measured in these
strains (Table 1) and their ability to metabolize 5-FC (Fig. 6
and 7). These results indicate that high levels of resistance to
5-FC can be achieved even with reduced cytosine deaminase
activity. Presumably, as long as the overall flux of 5-FC
metabolism is slowed down to below a certain critical level,
the cells can respond to the inhibitory effects of 5-FC, e.g.,
by increasing the rate of de novo nucleotide biosynthesis.

1F-NMR spectra of 5-FC metabolites in UMP pyrophos-
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FIG. 6. ®’F NMR spectra of intact cells of C. glabrata cd3
(cytosine deaminase deficient) incubated with 5-FC for 1, 3, and 5 h.
For each sample, 3,500 FIDs were accumulated and a line broaden-

ing of 15 Hz was used. The pH of the samples when the spectra were
recorded was 5.9 to 6.1.

phorylase-deficient strains of C. glabrata. Fig. 9 and 10 show
the NMR spectra taken after incubation of two strains of C.
glabrata, upy0 and upyl, which are resistant to 5-FC be-
cause they have a defective UMP pyrophosphorylase (Table
1). In both strains, the total intracellular concentration of
5-FC metabolites is much lower than in the wild type (Fig.
3). In strain upy0, only one intracellular signal attributable to
5-FU was detected after up to 5 h of incubation with 5S-FC
(Fig. 9). This signal is clearly of much smaller magnitude
than the corresponding signal in the wild-type strain (Fig. 3).
Lack of a fluoronucleotide signal is indicative of a complete
blockage of the UMP pyrophosphorylase enzymic step.

By contrast, strain upyl had more than one intracellular
5-FC metabolite after incubation with 5-FC (Fig. 10). Both
5-FU and 5-FNTs were present intracellularly after 1, 3, and
5 h of incubation. The total concentration of fluorinated
metabolites in strain upyl (and upy0), however, was lower
than in the wild type (Fig. 3). After 5 h, only 5-FU was
present in the supernatant of both strains (not shown),
indicating that 5-FU efflux is taking place normally as in the
wild type. Therefore, it appears that strain upyl, unlike
strain upy0, still retains some detectable UMP pyrophos-
phorylase activity and that the lesion at this locus is not
absolute, even though both strains are highly resistant to the
inhibitory effects of 5-FC (Table 1).

These observations are consistent with the measured
levels of UMP pyrophosphorylase activity in these strains
(Table 1). This situation is therefore analogous to that in the
cytosine deaminase-deficient mutants, in which high levels
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FIG. 7. F NMR spectra of intact cells of C. glabrata cd4
(cytosine deaminase deficient) incubated with 5-FC for 1, 3,and 5 h.
For each sample, 1,000 FIDs were accumulated and a line broaden-
ing of 15 Hz was used. The pH of the samples when the spectra were
recorded was 6.2 to 6.4.

of resistance to 5-FC can be achieved even with a partial loss
of enzyme activity.

F NMR spectra of 5-FC metabolites in a cytosine per-
mease-deficient strain of C. glabrata. C. glabrata cpl was
isolated as mildly resistant to the inhibitory effects of 5-FC
(Table 1). It was unable to transport 5-FC in a concentrative,
saturable manner because it had lost a specific permease for
cytosine, although 5-FC could still enter the cell by passive
diffusion. NMR spectra of intact cells incubated with 5-FC
show the same pattern of metabolites as that of the wild
type. An analysis of the supernatants after 1 h of incubation
(Fig. 11), however, indicates a higher concentration of
unmetabolized 5-FC in strain cp! than in the wild type. After
1 h, 5-FC was utilized more slowly in strain c¢p!/ than in the
wild type, and some 5-FC remained unmetabolized after 5 h
of incubation in the former strain (Fig. 11) but not in the wild
type (Fig. 5). These results are consistent with the assigned
phenotype of strain cpl (Table 1).

1F NMR spectra of 5-FUrd metabolites in wild-type and
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FIG. 8. F NMR spectra of supernatants from suspensions of C.
glabrata cd4 (cytosine deaminase deficient) incubated with 5-FC for
1, 3, and 5 h. For each sample, 2,500 FIDs were accumulated and a
line broadening of 2 Hz was used. The pH of the samples when the
spectra were recorded was 5.3 to 5.5.

uridine permease-deficient strains of C. glabrata and C. albi-
cans. The precise metabolic fate of 5-FUrd in C. glabrata and
C. albicans is unclear (Fig. 1). Mutant strains C. glabrata
udpl and C. albicans 6F1 were isolated which were highly
resistant to 5-FUrd by virtue of a loss of a specific uridine
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FIG. 9. F NMR spectrum of intact cells of C. glabrata upy0
(UMP pyrophosphorylase deficient) incubated with 5-FC for S h. A
total of 2,500 FIDs were accumulated, and a line broadening of 15
Hz was used. The pH of the sample when the spectrum was
recorded was 6.78.
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FIG. 10. F NMR spectra of intact cells of C. glabrata upyl
(UMP pyrophosphorylase deficient) incubated with 5-FC for 1, 3,
and 5 h. For each sample, 3,500 FIDs were accumulated and a line
broadening of 25 Hz was used. The pH of the samples when the
spectra were recorded was 6.5 to 6.7.

permease (Table 1). Analysis of NMR spectra of these
mutants incubated with S5-FUrd confirmed the assigned
phenotype of these strains.

No 5-FUrd was detected and there were only traces of
5-FUrd metabolites in C. glabrata udpl after 5 h of incuba-
tion with 5-FUrd. These were identified as 5-FNTs. This
indicated a failure of 5-FUrd to enter these cells (Fig. 12).
This was in marked contrast to the wild type, where large
quantities of 5-FNTs were detectable after the same time
(Fig. 12). A large 5-FNT signal was also detected in cells of
C. albicans 72S following 5 h of incubation with 5-FUrd (not
shown). There was no detectable intracellular °F signal
after 5 h of incubation in C. albicans 6F1.

In the wild-type strains, the signal of the 5-FNTs was the
only intracellular signal detected. This indicates that, once
inside the cell, 5-FUrd is rapidly metabolized to its nucleo-
tide derivatives and that there are no sizable pools of
metabolic intermediates. Analysis of the spectra of the acid
extracts of these strains reveals three 5-FNT species at 4.16,
4.31, and 4.41 (Fig. 13). The first and largest of these signals
is attributable to a monophosphate derivative. The two
signals downfield in all likelihood correspond to the di- and
triphosphate derivatives (e.g., S-FUDP and 5-FUTP). When
wild-type cells were preincubated with S-FC, two 5-FNT
signals were detected (Fig. 4), whereas preincubation with
5-FUrd resulted in three signals (Fig. 13). As 5-FC and
5-FUrd share the same pathway of métabolism once
5-FUMP is formed (Fig. 1), it is difficult to account for this
finding since the only difference in the experimental condi-
tions is the duration of the incubation, with SFC-treated cells
being incubated for 2 h and the 5-FUrd-treated cells being
incubated for 5 h. The only signal in the supernatants was
that corresponding to 5-FUrd (not shown), which suggests
that 5-FU efflux did not occur.

>F NMR spectra of wild-type C. glabrata and C. albicans in
the presence of 5-FdUrd. The drug 5-FdUrd, widely used as
an anticancer agent (17), is not toxic to C. glabrata and C.
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FIG. 11. F NMR spectra of supernatants from suspensions of
C. glabrata cpl (cytosine permease deficient) incubated with 5-FC
for 1, 3, and 5 h. For each sample, 256 FIDs were accumulated and
a line broadening of 2 Hz was used. The pH of the samples when the
spectra were recorded was 5.3 to 5.5.

albicans, although both yeasts are highly susceptible to
5-FUrd. This was somewhat surprising since the two drugs
are structurally very similar, differing only in the presence of
a hydroxyl moiety at position 2 of the sugar ring. It was
thought that one of two explanations could account for these
differences in toxicity. Either 5-FdUrd is unable to enter the
cells or, once transported across the plasma membrane, it
cannot be metabolized to any toxic nucleotide derivative. To
resolve these two possibilities, the fate of 5S-FdUrd in intact
cells of wild-type C. glabrata and C. albicans was followed
by NMR spectroscopy. For both strains, there was no
detectable intracellular °F signal, even after 5 h of incuba-
tion, while the supernatants showed a very large signal
attributable to 5-FdUrd. This clearly indicates that 5-FdUrd,
unlike 5-FUrd, is not transported into these yeasts (Fig. 12).
The implication of this observation for the specificity re-
quirements of (fluoro)uridine transport are discussed else-
where (M. O. F. Fasoli and D. Kerridge, unpublished data).

DISCUSSION

Under the experimental conditions tested, cellular viabil-
ity remained constant even in the susceptible strains, as
determined by CFU measurements at the beginning and end
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FIG. 12. F NMR spectra of intact cells of 5-FUrd-susceptible
C. glabrata 4 (top spectrum) and of 5-FUrd-resistant (uridine
permease-deficient) strain udpl (bottom spectrum) incubated with
5-FUrd for 5 h. For each sample, 3,500 FIDs were accumulated and

a line broadening of 25 Hz was used. The pH of the samples when
the spectra were recorded was 6.2 to 6.4.

of the incubation period. This was possibly because of the
low ratio between the amount of drug and the number of
cells and because the cells used in the incubations had been
pregrown to the stationary phase.

Assignments of NMRs were made either by correlating the
chemical shifts observed with those of chromatographically
pure standards recorded at the same pH or by spiking the
spectra with suitable standards. A control experiment indi-
cated that the chemical shifts of two of the 5S-FC metabolites
(5-FUrd and 5-FAUMP) were affected by the pH of the
sample. pK, values for these compounds were obtained. The
previous °F NMR studies on intracellular fluoropyrimidine
metabolism in C. albicans (2, 25) did not take into account
the possibility of pH variations affecting the chemical shifts

5-FdUMP

4.4 4.3 PPM 4.2 4.1

FIG. 13. F NMR spectrum of extracts of C. glabrata 4 incu-
bated with 5-FUrd for 5 h. For each sample, 805 FIDs were
accumulated and a line broadening of 2 Hz was used. The pH of the
sample when the spectrum was recorded was 5.32. No other signals
were detected.
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of fluorinated compounds, which could therefore have led to
misinterpretations of data. Such misinterpretations can be
avoided by addition of authentic compounds to the samples
being examined. Although 5-FUrd and SFAUMP titrate over
the physiological pH range (6.8 to 8.0), there are difficulties
in using these compounds to estimate the internal pH of
Candida species. For example the high cell density required
may affect the internal pH value. Also, 5-FUrd was not
detected in any quantity within the cells and therefore
cannot be used in wild-type strains, and finally it is possible
that, in vivo, the °F NMRs of different 5-FNTs may not be
resolved.

The absence of signals corresponding to products of
fluoropyrimidine catabolism indicates that degradative me-
tabolism of fluoropyrimidines does not occur in these yeasts
under the experimental conditions used. But it is of interest
to note that in Aspergillus strains (3) the catabolic pathway
becomes operative when the cells are packed in the NMR
tube. In the filamentous Nectria fungus, the catabolic path-
way is operative under normal conditions of culture (20).
The metabolism of 5-FC in this fungus is similar to that
occurring in mice (23) and bacteria (14).

The results of NMR examination of a 5-FC-susceptible
wild-type strain of C. glabrata gave some interesting infor-
mation on 5-FC and 5-FUrd metabolism. It is clear, for
example, that transport of 5-FC into the cell and its subse-
quent deamination to 5-FU occurs rapidly in the context of
overall 5-FC metabolism and that the transport step is slower
than deamination and uracil efflux. The metabolism of 5S-FU
progresses to the formation of phosphorylated derivatives
which were visualized as distinct peaks in the acid extracts
of treated cells. The largest of these 5-FNT signals was
tentatively identified as a monophosphate derivative.

Another clear result is the confirmation of the existence of
a mechanism for 5-FU efflux in C. glabrata. These observa-
tions are similar to those determined with C. albicans (2, 25).
The issue of 5-FU efflux is particularly interesting because it
could provide an alternative explanation for the mechanism
of toxicity of 5-FC in humans. Results of a recent study (7)
suggested that toxicity of 5-FC could arise from conversion
to 5-FU by human intestinal microflora. The results obtained
in this and other studies (2, 25) suggest that the pathogens
themselves (C. glabrata and C. albicans) excrete large
quantities of 5-FU into the surrounding medium and may
contribute to any 5-FU-induced toxicity in the human host.

The possible role of uracil efflux in yeast cells is unclear.
However, since it is the major free pyrimidine in the intra-
cellular pool (Table 1) and may have some regulatory role in
pyrimidine salvage metabolism, it is possible that an efflux
mechanism has evolved to regulate the size of the uracil pool
and maintain it at an optimal value.

The results of NMR examination of 5-FC-resistant strains
of C. glabrata treated with 5-FC were consistent with their
assigned phenotype, and it was possible to correlate the °F
NMR profile of a given strain with its levels of specific
enzyme activities. In particular, in one strain which lacked
cytosine deaminase, the resonance peak of 5-FU was not
observed, and in one strain which lacked UMP pyrophos-
phorylase, the broad, low-field resonance corresponding to
the 5-FNTs was not detected. These ‘‘tight’’ mutants con-
trasted with more ‘‘leaky’’ mutants in which some metabo-
lism did occur. The fact that both tight and leaky strains
showed the same level of resistance to 5-FC indicated that
even a partial loss of enzyme activity is sufficient to confer
resistance. This may have some important implications in
the context of 5-FC chemotherapy.
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Analysis of NMR spectra of cells of C. glabrata and C.
albicans preincubated with 5-FUrd indicated that the trans-
port of this drug into the cell and its subsequent metabolism
to the nucleotide derivatives occurs very rapidly, although
the details for this pathway could not be resolved. Analysis
of acid extracts of cells after 5 h of incubation with 5-FUrd
revealed the presence of three phosphorylated species. The
largest of these S-FNT signals was identified as a monophos-
phate derivative. In mutant strains 1,000-fold more resistant
to the toxic effects of 5-FUrd than the wild type, there was
no intracellular *°F signal after incubation with 5-FUrd. This
observation confirmed the uridine permease-deficient phe-
notype of these strains. Analysis of NMR spectra of cells of
C. albicans and C. glabrata preincubated with 5-FdUrd
indicated that this drug is not transported into these yeasts
and that this probably explains their inherent resistance to
this compound.

Overall, the NMR analyses that have been carried out
indicate metabolic pathways in Candida species which are
consistent with previous biochemical reports (21, 27). The
difficulty of identifying precisely those signals attributable to
the phosphorylated metabolites was at least partly overcome
by correlating these signals in the acid extracts of cells with
the signals of suitable standards at the same pH. The low
intrinsic NMR sensitivity requires a large number of cells,
and this clearly differs from the situation in vivo. Neverthe-
less, results reported in this study show conclusively that *°F
NMR is a valuable and feasible approach for studies on the
mode of action of clinically important fluorinated drugs in
intact, viable cells of pathogenic fungi. It may also find
important applications in the rapid determination of the
precise mechanism(s) of resistance to fluorinated pyrimi-
dines in antifungal or anticancer chemotherapy.
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