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ABSTRACT: Sulfur is essential for life, with important roles in biological structure and function. However,
because of a lack of suitable biophysical techniques, in situ information about sulfur biochemistry is
generally difficult to obtain. Here, we present an in situ sulfur X-ray absorption spectroscopy (S-XAS)
study of living cell cultures of the mammalian renal epithelial MDCK cell line. A great deal of information

is retrieved from a characteristic sulfonate feature in the X-ray absorption spectrum of the cell cultures,
which can be related to the amino acid taurine. We followed the time and dose dependence of uptake of
taurine into MDCK cell monolayers. The corresponding uptake curves showed a typical saturation behavior
with considerable levels of taurine accumulation inside the cells (as much as 40% of total cellular sulfur).
We also investigated the polarity of uptake of taurine into MDCK cells, and our results confirmed that
uptake in situ is predominantly a function of the basolateral cell surface.

Sulfur plays vital roles in cellular structure and function. essential for protein biosynthesis, and cysteine also assists
As part of the amino acids cysteine and methionine, it is in maintaining three-dimensional protein structure through
disulfide bonds. Moreover, sulfur is an important component
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concentrations in algae and the animal kingdom and seemsbefore being seeded onto tissue culture-treated polycarbonate
to have several roles, one of the best characterized beingmembranes of Transwell inserts (Quh pore size, Corning/
osmoregulation4). In situ measurements of the chemical Costar) at a density of 23 x 10° cells/cn?. The growth
speciation of sulfur in biological systems are hampered by medium was changed to serum-free MDCK medium on the
the fact that there are only few established biophysical following day. The membrane (or filter) of the Transwell
techniques for studying the chemical form of sulfér §). inserts on which the cells grow is a 10n thick porous
333 nuclear magnetic resonance (NMR) spectroscopy, for polycarbonate film, which has reasonable X-ray transparency
instance, has not been widely used in examining sulfur in the range studied and is essentially sulfur-free. Alternative
biochemistry, although®®*S was among the first nuclei growth substrates such as mylar and polypropylene films
observed by NMR spectroscopg)(The small gyromagnetic ~ were tested, but poor cell adhesion meant that these were
ratio, relatively large quadrupole moment, and low natural difficult to handle.
abundance combine to rend€8 NMR experiments unin- (2) Taurine Uptake ger Time.MDCK cells were cultured
formative and very difficult. In recent years, sulfur X-ray for 7 days on Transwell six-well plate inserts (24 mm
absorption spectroscopy (XAS) has become increasingly diameter), with 1.5 mL of medium in the insert (apical) and
important in the study of sulfur species in biological systems 2.6 mL of medium in the plate (basolateral) compartments,
(8). The X-ray absorption near-edge region of the XAS and were maintained in serum-free MDCK medium. On days
spectrum is a sensitive probe of electronic structure and hencel, 3, 5, and 7 as well as 14 and 3.3 h before the experiment,
chemical form 9). Near-edge spectra of sulfur compounds 15 M taurine [Sigma, in phosphate-buffered saline (PBS;
are particularly diverse, with a chemical shift range~df4 Cellgro)] was added to the apical and basolateral medium.
eV (5). S-XAS has been successful as a probe of the In a control sample, the medium was kept taurine-free.
electronic structure of sulfur-containing metalloproteins and  (3) Dose-Dependent Taurine UptakdDCK cells were
in studying the blood biochemistry of ascidiad®,(11). The kept on Transwell membranes (75 mm diameter, with 9 and
technique has also been used to analyze complex mixturesl3 mL of medium in the insert and plate compartments,
by fitting experimental sulfur spectra as linear combinations respectively) for 6 days using serum-free MDCK medium.
of model spectra; examples include horse blood, sulfur Apical and basolateral media either were taurine-free or
bacteria, shiitake mushroom, horseradish, and wadabi ( contained 1.5, 15, or 150M taurine, added on the first day.
12—14), effectively providing an in situ measurement of all (4) Polarity of Taurine UptakeMDCK and LLC-PK; cells
the sulfur species that are present, the sulfur metabolome were plated on Transwell six-well polycarbonate membranes
Here, we present a comprehensive S-XAS analysis of Madin- (24 mm diameter) and maintained for 8 days in serum-free
Darby canine kidney (MDCK) cell cultures, which, to our MDCK medium. One day before the experiment, taurine (50
knowledge, is the first in situ observation of sulfur biochem- M) was added to either the apical or basolateral medium.
istry in living mammalian tissue culture. MDCK cells are In a control experiment, apical and basolateral media were
from a cell line that grows on semipermeable surfaces suchkept free of taurine. LLC-PKcells kept under serum-free
as polycarbonate membranes and develops into a polarizedand taurine-free conditions were cultured for 10 days.
monolayer, exhibiting characteristics of kidney distal tubules ~ X-ray Absorption Spectroscopy. (1) Experimental Setup.
(15. In this paper, we investigate intact monolayers of Sulfur XAS spectra were recorded at beamline 6-2 of the
polarized MDCK cells and observe taurine uptake over time, Stanford Synchrotron Radiation Laboratory (SSRL) using a
dose-dependent taurine uptake, and the polarity of taurineSi(111) double-crystal monochromator and a downstream
uptake. With regard to the polarity of taurine uptake, the harmonic rejection mirror. A detailed description of the
MDCK and Lewis lung carcinoma pig kidney (LLC-RK beamline can be found at http://www-ssrl.slac.stanford.edu/
cell lines will be compared. beamlines/bl6-2/bl6-2.html. A scheme of the experimental
end station is shown in Figure 1A. X-rays enter the setup
EXPERIMENTAL PROCEDURES on the right through a thin polypropylene window (PP) and
Cell Culture Methods. (1) Cell GrowtkCells were cultured  pass a pair of slits, which was used to adjust the beam size
using standard laboratory incubators, either in the laboratoryto approximately 1 mm (verticaty 8 mm (horizontal). The
or at the beamline, maintained at 3T in a humidified ion chambely measures the incident beam intensity. X-ray
atmosphere of 5% C{and 95% air. Growth of MDCK and  fluorescencelr was measured using a Stern-Heald-Lytle
LLC-PK; cell lines (American Type Culture Collection, fluorescent ion chamber detector, which was filled with
Rockville, MD) was initiated using either DMEM/F-12  argon. The spaces between the first and sechysettion)
medium (withL-glutamine; Invitrogen) or minimal essential and the second and third (sample section) polypropylene
medium (MEM, with Earle’s salt and-glutamine; Invitro- windows were purged with helium to minimize absorption
gen). DMEM/F-12 (polarity of taurine uptake) and MEM  of the soft X-rays by air. The sample itself was mounted in
(time- and dose-dependent taurine uptake) media wereair, with an air gap of £2 mm between the polypropylene
supplemented with 10% fetal bovine serum (FBS; Hyclone) window on the sample box and the Transwell polycarbonate
and antibiotic/antimycotic mix (Invitrogen). Cells were membrane carrying the cells.
maintained in T-75 tissue culture flasks (Corning/Costar). (2) Sample Handling and MounBefore data collection,
For XAS experiments, confluent cell layers were subcultured cell cultures on Transwell polycarbonate membranes from
by trypsinization and resuspension in DMEM/F-12 and FBS section A were kept in an incubator (3, humidified
or MEM and FBS. The cells were then centrifuged (15 min, atmosphere, 5% Cf at the beamline. For the XAS
1200 rpm, H1000B Sorvall rotor, &C), and cell pellets were  experiment, samples of the membrane containing the cells
resuspended in serum-free MDCK medium (Sigma Chemical were cut from the polystyrene support and the apical surface
Co.), supplemented with 2% FBS for better cell adhesion, of the cell monolayer was typically rinsed several times with
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inside the cells, and the level reaches millimolar concentra-
tions; therefore, XAS spectra with good signal-to-noise ratios
were produced.

(3) Data Collection and Processing{AS data were
collected in the energy range of 245600 eV using the
XAS Collect software 16), using a count time of 0.2 s per
point, with approximately 7 min per energy scan, with the
structured region being acquired in the first 2 min. Two
sweeps were generally taken per sample to check for
reproducibility. X-ray-induced damage is an issue that has
to be considered. When multiple spectra were taken at
identical sample positions, changes in the spectra were
observed to accumulate (see the Supporting Information),
indicating progressive damage to the sample caused by the
beam. Conversely, when the sample was translated to a new
(unexposed) position between sweeps, the spectra were
observed to be essentially identicdl7f. The diameter of
the sample holder allowed for a maximum of five beam spot
positions, and repeat spectra were routinely recorded at a
minimum of two locations. Energy calibration was performed
by reference to the K-edge spectrum of a freshly prepared
sodium thiosulfate standard recorded frequently during the
experiments, assuming the lowest energy peak to be at 2469.2
eV (18). Data processing, including background removal and
normalization (see the Supporting Information), was per-
formed using the EXAFSPAK suite of programs (G. N.
George, Stanford Synchrotron Radiation Laboratory) and
PySpline (A. Tenderholt, Stanford University).

(4) Edge Fits.The S-XAS spectrum of cell cultures
represents a mixture of several sulfur species (the cellular
sulfur metabolome). Using DATFIT from the EXAFSPAK
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Ficure 1: (A) Scheme of the experimental setup (viewed from
the top). Abbreviations: PP, polypropylene windows(6), drawn program package, spectra were deconvoluted by least-squares
as thick gray linesjo, ion chamber, incident beam intensity; fitting a linear combination of reference compound spectra
fluorescence detector, fluorescence intensity. The space betweeng the data%). This process is illustrated in Figure 1C which

the first and second as well as the second and third polypropylenesr1OWS a spectrum of MDCK cells with the components used
windows was purged with helium. The fluorescence detector was

purged with argon. The sample was mounted in air. (B) Sample to fit the spectrum superimposed. We note that the dilute
mount for renal epithelial cell cultures grown on polycarbonate nature of the spectra from the cell cultures means that a
membranes: orientation of the cell monolayer with respect to the systematic error due to baseline artifacts affects the estimate

incoming X-ray beam (left) and photograph of the sample holder of the edge jump, and that this results in totals that differ

(right). Abbreviation: PC, polycarbonate membrane. (C) Example 0 it ; _
of an edge fitting analysis, showing the normalized experimental from 100%. _Renormallzatlon of the fr_actlon of each com
near-edge spectrum as filled circles, the least-squares fit (the solidPonent obtained by least-squares using the total estimated

line running through the points), together with the components: from the fitting will provide superior estimates of total sulfur

(@) RSSR, b) RSH, €) RSR, (d) RSG™, (€) RSQ; ™, and ) SO because the sharp features of the near-edge spectra will be
relatively unaffected by baseline problems and the spectra

buffer {Dulbecco’s modified phosphate-buffered saline of model compound solutions, which are more concentrated,

(DPBS) for time-dependent taurine uptake and polarity of do not suffer from normalization errors due to poor baseline.

uptake and sulfate-free Krebs Ringer phosphate buffer The data in Tables 1 and 2 and in Figure 2 were renormalized

[KRPG; 135 mM NaCl, 5 mM KCI, 10 mM sodium
phosphate buffer (pH 7.4), 5 mM glucose, 1 mM Ca@hd
1 mM MgCl,] for dose-dependent taurine upthke remove

to the total obtained in the curve fitting. Higher derivatives
of the spectra and fits were inspected to ensure adequate
fitting to regions where overlapping peaks were present (see

sulfate and the S-containing dye phenol red from the growth the Supporting Information). Model compounds (spectra of
medium. Subsequently, cells on polycarbonate membranesaqueous solutions at or near pH 7, except as noted below)
(PC) were mounted in the sample holder depicted in Figure used in the fits were oxidized glutathioreg RSSR), reduced
1B, with the basolateral side facing the beam. To prevent glutathione b, RSH), methionine ¢, RSR), methionine
the cells from drying out during the experiment, the sample sulfoxide (not significant in Figure 1C, RRO), cysteine-
holder was filled with growth medium or buffer through sulfinic acid (pH 8.5) ¢, RSQ "), taurine & RSQ"), and
filling holes (apical side of cell layer). Typically, sample sulfate (pH 8.2) i SO?"). We note in passing that the
holders were filled using the same buffer that was used for specific compounds are representatives of sulfur functional
rinsing the cells. Under these conditions, the detection limit groups and are not explicitly identified by this methd. (

for sulfur concentrations is in the millimolar range, and For example, the spectra of oxidized glutathione and other
micromolar levels of taurine (for example) present in the biological disulfides are essentially indistinguishable (not
growth medium could not be detected. Taurine accumulatesillustrated), and oxidized glutathione is therefore used to
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Table 1: Cellular Sulfur Content Determined by Fitting a Linear Combination of Models to the Spectra Shown in Figure 2

(A)

days in taurine RSSR RSH RSR RR'SO RSQ RSOy~ SO~ Niot residual
0 4.6(5) 38.8(13) 51.1(9) 1.4(3) 2.2(2) 1.3(2) 0.9(1) 109 0.8
0.14 8.0(4) 36.0(9) 46.7(6) 1.2(2) 1.8(2) 6.1(1) 0.5(1) 109 0.4
0.58 2.5(5) 38.9(12) 45.9(9) 1.1(2) 2.1(2) 9.2(2) 0.8(1) 107 0.7
1 3.9(4) 33.9(11) 48.0(8) 1.1(2) 1.8(2) 10.8(2) 0.8(1) 112 0.5
3 2.3(4) 37.0(11) 46.9(7) 1.2(2) 2.2(2) 10.1(2) 0.7(2) 112 05
5 2.1(5) 34.6(13) 44.0(9) 0.6(3) 1.2(2) 17.1(2) 0.7(1) 111 0.7
7 2.8(5) 29.2(12) 43.6(8) 1.2(2) 1.7(2) 21.0(2) 1.0(1) 108 0.6

(B)

[taurine] M) RSSR RSH RSR RR'SO RSQ™ RSOy~ SO~ Niot residual

0 14.8(7) 27.1(18) 48.6(13) 4.5(3) 0.9(3) 4.1(2) 0.4(1) 111 1.6
15 20.4(10) 24.2(26) 43.0(18) 8.2(5) 0.8(4) 3.6(3) — 108 3.3

15 14.5(8) 16.2(21) 37.4(14) 3.8(4) 0.9(4) 26.1(3) 1.4(2) 110 2.0
150 8.4(8) 15.4(21) 32.7(14) 2.3(4) 0.5(4) 40.3(3) 0.6(2) 103 21

aFit values are given in percent except the dimensionless fit residual. Values in parentheses represent the precision of the last digit derived from
the fit (estimated standard deviations obtained from the diagonal elements of the covariance matrix). Residual values are a measure for the goodness

of the fit and depend on the noise level. All values have been renormalizedNsintipe total sulfur, which should be close to 100%; deviations
from 100% arise primarily from normalization errors (as discussed in the text). A description of edge fitting can be found elge&uhere (

Table 2: Edge Fit Parameters Corresponding to Spectra Shown in Fiyure 3

(A)

MDCK RSSR RSH RSR RR'SO RSQG- RSy~ SO2~ Niot residualx 10°
no taurine 1 4.4(5) 38.1(12) 54.8(8) 1.2(2) 1.3(2) - 0.4(1) 108 0.6
no taurine 2 8.9(5) 33.2(11) 49.6(8) 4.1(2) 1.1(2) 2.7(2) 0.8(1) 107 0.6
apical 1 10.3(4) 23.5(11) 54.6(7) 4.9(2) 0.5(2) 5.6(1) 1.0(1) 111 0.5
apical 2 8.3(4) 33.2(11) 47.3(7) 4.1(2) 1.0(2) 5.7(1) 0.8(1) 109 05
basolateral 1 8.2(5) 27.0(12) 45.8(8) 2.9(2) 0.9(2) 14.4(2) 1.1(1) 112 0.6
basolateral 2 7.4(4) 31.7(10) 45.1(7) 3.6(2) 0.7(2) 11.2(1) 0.6(1) 105 0.5

(B)

LLC-PK; RSSR RSH RSR RR'SO RSQ™ RSGy~ SO2~ Niot residualx 10°
no taurine 8.6(5) 46.8(12) 41.9(1) 2.3(2) 0.5(2) - 0.2(1) 108 0.6
apical 13.5(4) 29.1(11) 48.6(8) 3.0(2) 0.7(2) 5.1(2) 0.9(1) 114 0.6
basolateral 14.0(7) 27.0(18) 48.6(12) 3.233) - 6.7(2) 0.8(1) 112 15

a See information for Table 1. Experiments for MDCK cells were repeated once on a second polycarbonate membrane (trials 1 and 2).

determine total disulfides (RSSR), which would include pro- ethers, with the major representatives being protein disulfides
tein disulfides, mixed disulfides, and oxidized gluthathione. and thiols, oxidized and reduced glutathione, and methionine.
Likewise, the use of methionine as a model does not imply The second major peak of the X-ray absorption near-edge
measurement of free methionine, but instead of all sulfur signal at 2478 eV is consistent with sulfonates. Taurine is
coordinated as thioether. Perhaps the only individual metab-by far the most abundant compound of this chemical species
olite that can be specifically identified is taurine (2-amino- in mammalian biology4).

ethanesulfonate), due to the fact that it is the only biological
sulfonate expected to be present.

RESULTS AND DISCUSSION

Taurine Uptake oer Time We first studied taurine uptake

It is evident from Figure 2A (top and bottom panels) and
the fit results in Table 1A that the sulfonate/taurine content
in the cells correlates with the length of time taurine was
present in the growth medium. Cellular taurine percentages

increase quickly from negligible amounts to more than 10%

over time in MDCK cells that were seeded at a high density within the first 24 h and reach a saturation level of more
on polycarbonate membranes of Transwell inserts on day 1than 20% when taurine is present for 7 days. This trend in
and were maintained in serum-free medium for 7 days. On taurine uptake behavior has been confirmed in a replicate
different days of this week, 16M taurine was added to the ~ experiment (data not shown).

apical and basolateral media, and spectra were recorded on While the taurine fraction of total cellular sulfur increased
day 7. Figure 2A displays the corresponding normalized from 1% (0 days) to 21% (7 days), the respective value for
S-XAS spectra. By deconvolution, seven components werethe combined RSSR/RSH/RSRaction dropped by 19%.
found to contribute significantly to the experimental cell This reciprocal behavior could indicate either taurine produc-
culture signal: disulfides RSSR, thiols RSH, thioethers RSR tion or taurine uptake. In the first case, an increasing amount
sulfoxides RRS=0, sulfinic acids RS@', sulfonates RS@, of taurine would be balanced by a reduction of the signal
and sulfates S@ (Table 1A; compare also Figure 1C). The intensities of its precursors. In the second case, increasing
first (and largest) maximum of the spectrum at 2471 eV can amounts of cellular taurine due to uptake would result in a
be deconvoluted as containing disulfides, thiols, and thio- decreasing contribution of the RSSR/RSH/RSRction
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FiGURE 2: (A) Uptake of taurine over time by serum-free MDCK cells supplemented witpMSaurine for the indicated times. All
cultures were 7 days old on the day of the XAS experiment. (B) Dose dependence of uptake of taurine into MDCK cells. The bottom

panels display the (A) time and (B) dose dependence of cellular sulfonate/taurine levels. Parameters of corresponding edge fits are listed
in Table 1.

since our normalization procedure sets the absorption edgeaccumulation of taurine can result in cellular concentrations
jump to 1 (100% total sulfur). An important observation is as high as 30 mM, which is to be compared to the plasma
that taurine levels in cultured MDCK cells depend only on concentration of 46100 uM (21).
the availability of medium taurine since little taurine is A comparison of the data for dose- and time-dependent
synthesized in cells that were kept under taurine-free taurine uptake suggests a certain variability of cellular sulfur
conditions (0 days of taurine in culture, 1% cellular taurine). contents for different batches of MDCK cells. The RSH/
Also, the RSH/RSSR (8> 11) and RSRRSH (1.3— 1.5) RSSR ratio was-10 in the time-dependent uptake experi-
ratios stay constant (0 days 7 days), further arguing against ment (Table 1A, 7 days), whereas it wad in the dose-
taurine synthesis. Indeed, normalizing the absorption edgesdependent study (Table 1B, 18/). However, the sum of
of the whole series to the first maximum demonstrates that the thiol and disulfide components accounts f685% of
the only spectral changes observed are an increase in tauringhe total sulfur in both cases. This implies that the cellular
peak intensity and a related increase in the edge jump (dataenvironment of MDCK cells used for the dose-dependent
not shown). The increases in edge jump for the different time study was more oxidized than for the time-dependent
points with respect to= 0 days are in excellent agreement experiment. Values for the RFRRSO couple are in
with the values for the cellular taurine levels given in Table agreement with this argument since the thioether fraction is
1A. We therefore conclude that the reciprocal behavior of somewhat smaller and the sulfoxide fraction somewhat larger
taurine and the RSSR/RSH/RSHRaction results from our  in the dose-dependent as compared to the time-dependent
normalization procedure and reflects exclusively uptake of data.
taurine by the cells and not taurine synthesis. Polarity of Taurine UptakeTaurine uptake in polarized
Dose-Dependent Taurine Uptakén addition to time epithelia has been found to be polag). MDCK and LLC-
dependence, we observed dose dependence of uptake dPK; cells originate from different parts of the kidney tubule
taurine into MDCK cells (Figure 2B and Table 1B). Cells (MDCK from distal, LLC-PK1 from proximal), and taurine
were kept for 6 days in serum-free medium that contained transport is thus expected to differ in that proximal cells
different amounts of taurine. Clearly, the peak height and should reabsorb filtered taurine while distal cells need to
taurine fraction of sulfur in the cells were correlated with regulate cell volume in response to osmotic stress and use
the amount of taurine present during culture. In the range of taurine for this purpose. Transport in MDCK cells occurs
1.5-150 uM, the dose dependence shows saturation of predominantly at the basolateral surface, and taurine is
uptake at large doses (Figure 2B, bottom panel). It also directed into the cell. In contrast, LLC-RKells take up
should be noted that taurine can accumulate at very hightaurine mainly on the apical surface, and there is a transepi-
levels in MDCK cells: a concentration of 15fM taurine thelial movement of taurine from the apical to the basolateral
in the growth medium results in cells in whiehd0% of all side. The activity of the taurine transporter is regulated by
cellular sulfur consists of taurine. Taurine transport in external taurine concentration and osmolali®3,( 24).
mammalian cells by the transporter TauT has been recentlyCompared to cells in standard medium (BM taurine),
studied in detail and has been review&®, 0). It is known incubation of epithelial cell monolayers in taurine-free
that mammalian cells are able to take up taurine against amedium leads to an increase in the rate of taurine uptake,
large concentration gradient. In the myocardium, for example, whereas exposure to high taurine levels in the medium (500
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Corresponding edge fits are listed in Table 2.

(=)

uM) results in a reduction in the rate of uptake. This adaptive
response is due to altered rates of taurine uptslke)rather
than changes in the affinitiekg) on both surfaces of MDCK
and LLC-PK; cells 0, 24). Taurine uptake is also enhanced
in MDCK but not LLC-PK; cells by increasing the medium
osmolality, a response that occurs mainly located at the
basolateral surface2(, 23, 24). Conversely, MDCK cells
that are switched back from hyperosmolar to isotonic medium
(from 500 to 300 mosmol/kg) release taurine on the baso-
lateral side to minimize cell swelling2@). Taurine uptake

Accelerated Publications

larger amounts of taurine, an ability that is primarily mediated
by taurine transport on the basolateral surface.

Our observation of the polarity of taurine uptake agrees
well with previous studies using radioactive tracer methods
(22). The rate of transport of taurine into the MCDK cell
line was found to be greatest at the basolateral surface and
was shown to be directed into the cell, thereby leading to
accumulation of taurine inside the cells. In LLC-Pé&ells,
the rate of taurine transport was reported to be greater at the
apical than the basolateral surface. However, unlike for
MDCK cells, we do not observe any significant differences
in cellular sulfonate content, independent of the presence of
taurine in the apical or basolateral medium. On the time scale
of our experiment, the reported greater rate of apical transport
does not lead to a greater accumulation of taurine. A likely
explanation is the transepithelial movement of taurine from
the apical to the basolateral medium in LLC-Ri€lls, which
is not observed in the MDCK cell linep).

CONCLUSION

We have successfully employed S-XAS to study different
aspects of sulfur biochemistry in cultures of the renal
epithelial MDCK and LLC-PK cell lines. We show that in
situ MDCK cells take up taurine in a dose- and time-de-
pendent manner and that MDCK cells are able to accumulate
much larger amounts of taurine than LLC-RkKan ability
that is primarily mediated by taurine transport on the
basolateral surface. This behavior is consistent with the
different tissue origins of these two cell lines. Our results
demonstrate that S-XAS is a valuable and potentially
nondestructive tool for studying the sulfur metabolome of
intact, living mammalian tissue.

SUPPORTING INFORMATION AVAILABLE

and release studies in the past have typically been performed F19urés showing background subtraction (Figure S1),

with radioactive tracer methods using]- and [“C]taurine

(20, 24). To measure tracer counts, cells grown on tissue
culture-treated polycarbonate membranes have to be solu
bilized, thereby destroying the polarized epithelial monolayer
that had previously formed. Also, from the measurement of

radiolabel alone, one cannot be sure of the direction of mass

transfer.

We studied the polarity of uptake of taurine into MDCK
and LLC-PK cells that had been maintained for 8 days in
serum-free medium. On day 7, 1 day before the experiment,
50 uM taurine was added to either the apical or the

basolateral medium. Taurine is taken up on both surfaces of 3.

MDCK monolayers but more by the basolateral surface
(Figure 3A and Table 2A). After 1 day of exposure, sulfonate
constitutes~14% of cellular sulfur when taurine is added

to the basolateral medium, but only 6% when taurine was
present in the apical medium (average values of two

independent measurements on different polycarbonate mem-

branes). In contrast, the fractional taurine signals in LLC-
PK; cells are comparable whether taurine is present in the
basolateral or apical medium. We determined sulfonate
percentages of 8 and 6%, respectively, after 1 day of culture
in taurine-containing medium (Figure 3B and Table 2B).
Accumulation levels in LLC-PKcells correspond to levels
reached in MDCK cells via apical uptake. It is clear from
these data that MDCK cells are able to accumulate much

effects of extensive exposure to the X-ray beam (radiation
damage) upon the near-edge spectra (Figure S2), reproduc-
ibility of near-edge spectra from different locations on the
layer of cultured cells (Figure S3), and higher derivatives of
least-squares fitted spectra (Figure S4). This material is
available free of charge via the Internet at http://pubs.acs.org.
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