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Sulfur K-edge X-ray absorption spectroscopy (XAS) has been used to investigate the distribution of sulfur types
in two whole blood cell samples, in selected subcellular blood fractions, and in cell-free plasma from the tunicate
Ascidia ceratodesWhole blood cells are rich in sulfate, aliphatic sulfonate, and low-valent sulfur. The sulfur
K-edge XAS spectrum of washed blood cell membranes revealed traces of sulfate and low-valent sulfur, but no
sulfate ester or sulfonate. Sulfonate is thus exclusively cytosolic. Cell-free blood plasma contains primarily sulfate
sulfur. Gaussian fitting and sulfate quantitation for two whole blood cell samples, each representing dozens of
individuals from separate collections taken per annum, yielded average sulfur type concentrations for the two
populations: (first year, second year): [sulfate], 110 mM, 150 mM; [sulfonate], 99 mM, 70 mM, and; [low-
valent sulfur], 41 mM, 220 mM. On titration of sulfate with acid or V(IIl) in aqueous solution, the strong 2482.4
eV 1s— (valencet,) sulfur K-edge XAS transition of tetrahedral $O splits into 1s— a and 1s— e transitions,
because HS® and VSQT are ofCs, symmetry. Gaussian fits and appropriate comparisons allow the following
assignments: (compound/complex;tsy (eV), 1s— e (eV)): myainositol hexasulfate, 2480.8, 2482.8; HSO
2481.4, 2482.7; VSEJ, 2481.2, 2482.9. The energy separating thara e states of complexed sulfate appears

to be solvation dependent. From these studies is derived an explicit inorganic spectrochemical model for biological
V(Ill) and sulfate. The average endogenous equilomer concentrations of sulfate complexed with V(l1) and/or H
within the two blood cell samples are calculated from this model. The results provide a natural explanation for
the observed biological broadening Af ceratodeshlood cell sulfur K-edge XAS spectra.

Introduction has been the subject of considerable study (for recent reviews,
) see refs 1518).
In previous work we and othérs# have reported on the The Phlebobranch ascidians sequester vanadium(lll) within

presence and chemistry of sulfur in whole blood preparations yp to three types of blood celt$16.1%21 |n A ceratodesthe

of the ascidians, includingscidia ceratodesThese organisms  average observed blood cell vanadium concentration of ca. 0.1
exhibit a remarkable blood chemistry, which in recent years (.2 M¢.11.22.23represents a [V] increase by a factor of abou1

million above ambient seawater. A blood cell [sulfur] of 0.25

*To whom correspondence should be sent. M was also found in this organisrfor a biolo_gical enhancement
T Department of Chemistry. of about 9-fold. Electron beam X-ray microprobe studies of
* Stanford Synchrotron Radiation Laboratory, SLAC. single fixed blood cells have also identified intracellular sulfur
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Sulfur, Sulfate, and Vanadium iA. ceratodesBlood Cells

Using sulfur K-edge X-ray absorption spectroscopy (XAS),
we have directly observed endogenous sulfur within living whole
blood cell packs fromA. ceratodes with further resolution
according to oxidation state and chemical ty§é# Evidence
for intracellular disulfides, for an aliphatic sulfonic acid, and
for sulfate ion was found.

Blood cell sulfate has been quantitated by gravimetry as
BaSQ,28in addition to direct detection by sulfur K-edge XAS.
However, the sulfonate in blood cells frof ceratodeswas
observed only as a numerically generated difference XAS
spectrun® or it was inferred from second-derivative sulfur
K-edge XAS spectra of whole blood cell packs, or it was
deduced from Gaussian curve fitting of such XAS spettr.
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to produce sample “S86” and included the combined blood from about
85 animals. The May 27, 1986 collection also provided the blood cell
sample used to prepare the subcellular blood fractions (see below),
which represented whole blood cells from 120 individuals. Blood was
removed by cardiac puncture using sterile disposable 3syminges

as described previouslyand kept on ice prior to processing.

Washed whole blood cells made free of surface sulfate, were
prepared as described previoukshBince it was our initial intention to
obtain K-edge XAS spectra of biological chloride as well as biological
sulfur, it was necessary to remove both chloride and sulfate ions
adsorbed to the external surface of the blood cells. Thus, whole blood
cell packs were washed with an isotonic=€ 0.710 M) metal formate
synthetic blood plasma, buffered to pH 6.6 with 17 mM imidazolium
trifluoroacetate:*4

cysteate-like sulfonate feature has been identified in the Raman The subcellular fractions of whole blood cellsvere prepared from

spectrum of blood cell homogenates frémacidia gemmata®
Though direct spectroscopic or chemical identification of blood
cell sulfonic acid is lacking, sulfur K-edge XAS spectroscopy
can readily audit any endogenous sulfonic acid.

the blood of 120 animals from the S86 collection. Whole blood was
combined and centrifuged (509010 min), to yield 1.00+ 0.03 cn¥

of packed cells. The relatively high centrifugation force was chosen to
maximize the hematocrit. Inspection of the sample revealed no color
change or other evidence of lysis(, blue or brown specks) following

We have thus examined a sulfate-fr(?e blood cell cytosolic this step. The cell-free plasma supernate was removed, and the cells
lysate, a blood cell membrane preparation, and cell-free blood were lysed by the addition of 5 mL of anaerobic pH 2 trifluoroacetic

plasma from the combined blood from 128 ceratodes

acid (TFA), followed by rapid stirring with, and reflux within, a wide-

specimens. The question of the aggregate hematological allocamouth Pasteur pipet. The deep reddish-brown lysate was centrifuged
tion of sulfur types between aqueous cytosolic and membranousas before, and the clear brown supernatant liquid was removed. This

environments is thus specifically addressed.

To access questions of sulfur biochemistry at the population

level, we have examined whole blood cell samples which
included the combined blood from dozens of individuals taken

from each of two autonomous cohorts, which were sequentially

collected per annum from the same locale (Monterey Bay, CA).
Gaussian curve fitting of sulfur K-edge XAS spectra of whole
blood cells was combined with gravimetric quantitation of blood
cell sulfate to calculate, compare, and report for the first time

was followed by three similar centrifugation washes of 2 mL each,
using pH 2 anaerobic trifluoroacetic acid. Each wash was combined
with the initial supernatant solution. The total volume of the acid
solution of the soluble blood fraction was made to be 12.00 mL.
Sulfate-free lysatewas prepared from the 12.00 mL soluble fraction
above, by the addition of 0.50 mLfd M barium trifluoroacetate
solution. The clear brown solution became opaque, and the barium
sulfate precipitate was removed by centrifugation (3)A® min). A
further 100uL of the barium salt solution added to the clear brown
supernate caused no further precipitation. The sulfate-free lysate was

the average cytological concentrations of sulfate, sulfonate, andneutralized from pH 1.6 to 1.9, at which point a green flocculent

low-valent sulfur within the two independeft ceratodeslood
cell samples.

The sulfur K-edge XAS spectrum of inorganic sulfate is
shown to titrate with added acid or vanadium(lll) in new high-

resolution experiments. Gaussian deconvolution and appropriate;

precipitate began to form. Neutralization was discontinued, and the
lysate was shell-frozen and lyophilized. The brittle, glassy solid thus
resulting was crushed to a green powder, which was store@@rC
in sterile plastic tubes.

The barium sulfate precipitate obtained above was washed several
mes by resuspension in deionized water followed by centrifugation

comparisons are used to assign the principal bound-stat€3noq, 10 min). The faintly colored solid was then lyophilized and

transition features in the spectra wiycinositol hexasulfate,
and the HS@ and VSQ' complex ions. From these data an
explicit inorganic spectrochemical model for blood cell vana-
dium(lll), sulfate, and acid is constructed. This model is used
to explain the observed biological broadening of the sulfur
K-edge XAS spectrum of whole blood cells in terms of
endogenous bisulfate and V$QOcomplex ion. On the basis of

this model, the average blood cell concentrations of these specie

are calculated and compared for the above two cross-year bloo
cell samples. Information regarding threvivo concentrations,
types, allocation, fates, and biochemistry of blood cell sulfur is
presented.

Materials and Methods

Specimens ofA. ceratodeswvere collected from the Monterey Bay
Yacht Harbor, Monterey, CA. They were maintained in aerated and
periodically refreshed seawater at@ until use (2-6 days). Animals

weighed, amounting to 34# 0.1 mg of BaS@ Analysis for vanadium
and total volatiles (as water) was carried out by Desert Analytics,
Tucson, AZ 85717. For the solid Bag®ample, loss on drying was
1.0%, and [V] was<0.08%.

The membrane fraction, following the three trifluoroacetic acid
washes described above, consisted of deep green material, pelleting to
5.5 mL on centrifugation (50@) 20 min). This was washed once further

vith 4.5 mL of isotonic 4 = 0.710 M) sodium phosphate, pH 6.6, to
Oneutralize the pellet and stabilize the membranes. The suspension was

centrifuged at 5009 for 20 min, following which the pellet volume
decreased from 5.5 mL to about 2 mL. The supernatant was colorless.
Cell-free blood plasmawas obtained by centrifuging a whole blood
sample at 300§for 10 min. The clear colorless supernate was removed
into a sterile plastic tube using a Pasteur pipet.
Lyophilized blood lysate controls were solutions of 20 mM
methanesulfonic acid and 100 mNe(, 5x excess) sodium, barium,
or vanadium(lll) trifluoroacetate, respectively, in pH 2 solution. The
solution included 1.0 M glucose as a dispersive matrix, and 1 mg/mL

selected for experiment were considered healthy by the responsivenes&f bovine serum albumin (BSA}.Each solution was shell-frozen and
of the incurrent and excurrent siphons to stimulus, by the presence of lyophilized.

a firm integument, and by the observation of a strong heartbeat. Two

autonomous collections @&. ceratodesvere made. The first, on June

Barium trifluoroacetate solution was prepared by treating a
suspension of 9.86 g of barium carbonate in triply deionized water

1, 1985, was used to produce sample “S85”, consisting of the combinedwith 10.14 g of anhydrous trifluoroacetic acid and diluting the resulting
blood cells from 53 animals. The second, on May 27, 1986, was used clear colorless solution to 50.0 mL with triply deionized water.

(24) Botte, L.; Scippa, S.; De Vincentiis, Nerowth Differ. 1979 21, 483~
491.

(25) Carlson, R. M. K.Proc. Natl. Acad Sci U.SA. 1975 72, 2217
2221.
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Vanadium tris(trifluoroacetate) 1.0 M stock solution was prepared  specks, or discolored patches, both before and after data acquisition.
by catalytic reduction of 2.27 g (12.5 mmol) of vanadium pentoxide No such evidence was seen.
suspended in 8.60 g (75.4 mmol, 5.80 mL) of trifluoroacetic acid in Gaussian fits to sulfur K-edge spectrawere carried out using the
25 mL of total aqueous solution. The reduction was carried out program FITCUR as described in detail elsewhéi@ontrol fits using
anaerobically using two 100 mg charges of 10% Pd/C and using a solutions of known composition indicated an analytical fit error of about
dihydrogen gas stream, as described edflilectron paramagnetic +10%:* which was applied to the sulfur type quantitation arising from
resonance (EPR) analysis of the vanadium tris(trifluoroacetate) solution the fits to the blood cell sulfur K-edge spectra reported herein.
by the method of standard additions of VOS@dicated the presence
of 1.7 mM residual vanadyl ion. EPR spectra were taken using a Varian Results and Discussion

E-112 Century series instrument, with samples keptal40 K using . .
a quartz liquid-nitrogen flow-dewar. The experimental results described here extend and complete

Vanadium  tris(methanesulfonate) 1.0 M stock solution was  an analysis begun earliétin which A. ceratodesblood cell
prepared by means of anaerobic catalytic reduction, in a manner similarsSamples collected across an 18 month span were examined for
to that described above, using 2.27 g (12.5 mmol) of vanadium biological sulfur. In this report sulfur concentrations are
pentoxide suspended in 25.0 mL of 3.030 M methanesulfonic acid (75.8 quantitated in terms of specific sulfur types within blood cell
mmol) prepared from 98% methanesulfonic acid (Aldrich Chemical samples obtained from collections Af ceratodesdesignated
Co.). EPR analysis of the 1.0 M V(SCH)s stock solution as outlined 585 and S864 which were obtained from the same locale 1
above mdlcated a residual vanady_l ion cqncentratlon of 1.5 mM. year apart (see Materials and Methods for details). Sample S85

Solutions for X-ray spectroscopic titration were prepared at 67 o nasented blood from 53 animals, and sample S86 represented
or 100 mM [S].a to obviate the possibility of self-absorption, evident blood from about 85 animals The,whole blood sulfur K-edge

at [S] = 200 mM. Inorganic sulfate solutions were prepared by .
appropriate pH adjustment of a 0.10 M solution of NaHSS8ulfate XAS spectra of these samples query the blood chemistry at the

solutions containing vanadium(lll) were prepared anaerobically in a POPulation level. That is, the results point to differences in
nitrogen-filled Lexan glovebox (Plas-Labs, Inc., Lansing M) by serial aggregate blood chemistry between populations of animals
admixture of 67uL of 1.0 M NaHSQ with appropriate amounts of ~ Separated by time, rather than pointing to distribution of sulfur
the 1.0 M V(CRCOy); stock solution (see above) and 3.0 M potassium species among the individual blood cell types.
trifluoroacetate, pH 1.8, to make a total volume of 1.00 mL. Each In addition, sulfur types are pursued through various subcell-
solution was adjusted to pH 1.78 0.05 within the Lexan glovebox  ylar blood fractions obtained from a whole blood cell sample
using a Beckman model 3500 pH meter. _ _ of the S86 collection representing 120 individuals. These data
Solutions of methanesuifonic acid with vanadium(lll) were likewise  54ain reflect the aggregate storage locale of blood cell sulfur,
prepared anaerobically by appropriate admixture of the above SOIlJtIonSrather than the eccentricities of variation between individuals.

of 1.0 M vanadium tris(trifluoroacetate) and 3.0 M potassium trifluo- . .
roacetate, with 6L of 1.0 M sodium methanesulfonate solution in Preparation of thé\. ceratodessubcellular blood fractions

15 mM methanesulfonic acid. The final solutions were adjusted to pH discussed herein is outlined in the scheme depicted in Figure
1.79+ 0.03 as above. Solutions without added vanadium(lil) were 1. The fractions track the distribution of sulfur among blood

prepared by appropriate pH adjustment of a 0.10 M solution of cell cytosol (as cleared lysate), blood cell membranes (as pelleted
methanesulfonic acid. lysate), and cell-free blood plasma. The cleared lysate fraction
Sulfur K-edge XAS spectraof whole blood cells and the subcellular  represents the cytosol freed of endogenous sulfate to facilitate
blood fractions were measured at the Stanford Synchrotron Radiationthe K-edge XAS observation of any blood cell sulfonic acid.
Laboratory (SSRL) under dedicated operating conditions at 3.0 GeV The cytosolic and membrane fractions represent the aggregate
and 30-60 mA ring current, using the 8-pole wiggler beamline 4-2 . ; i o o
with a wiggler field of 18 kG, in unfocused mode. The Si[111] double- blql'oglcal. partitioning of sulfur between hydrophilic and |Ipo
philic environments, respectively. Sulfur K-edge XAS examina-

crystal monochromator was detuned 66% at 2740 eV to minimize ! - - . .
harmonic contamination. Data were measured between 2420 and 2746|0n of these fractions further divides the resident sulfur into

eV with a step size of approximately 0.15 eV in the edge region (2450 Various types defined by structure and oxidation state.

2490 eV). Spectrometer resolution was approximately-0.6 eV, and Whole Blood Cells. Sulfur K-edge X-ray absorption spec-
spectra were calibrated using the 2472.02 eV peak of thiosdfféte. troscopy involves the set of 13 valence transitions of the sulfur
least two calibration scans were taken during each fill. absorber. The selection rules which normally govern electronic

Sulfur K-edge XAS spectra of the inorganic sulfate and methane- transitions apply to XAS spectra. Therefore, the shape and
sulfonate solutions were likewise measured at SSRL on 54-pole wiggler energy position of the XAS spectrum can yield specific

beamline 6-2 under dedicated operating conditions of 3.0 GeV and 40  jnformation about the chemical environment and oxidation state,
90 mA with a wiggler field of 5.0 kG. The X-ray beam was energy- respectively, of sulfuf:26-28

resolved using a Si[111] double-crystal monochromator, detuned 25% . .
or 32% at 2740 eV. The absorption maxima of the K-edge XAS spectra of sulfur

Background subtraction was performed by fitting a polynomial to of valence 0 throughﬁ monOton'9a|IY shift to higher energy
the pre-edge region and subtracting this polynomial from the entire at 1.64= 0.2 eV per unit formal oxidation state change, over a
spectrum. Data were then normalized by fitting a polynomial spline to total range of 13 eV:# Similar relationships have also been
the region above the edge and normalizing to an edge-jump of 1.0 atfound between sulfur oxidation state and transition energies in
2490 eV. The washed blood cell spectrum is the average of 11 scans.sulfur X-ray emission spectfd:3°
The spectrum of the Iyophilized. lysate is the average of 4 scans, and  The sulfur K-edge XAS spectrum of a sample of whole blood
that of the membrane fraction is the average of 3_scans._The sulfur ells from collection S86, representing 85 animals, is shown in
K-edge XAS spectrum of cell-free plasma was obtained using the 54- i 116 24 and the second derivative of the XAS spectrum is
pole wiggler beamline 6-2, operating in undulator mode, with a device shown in Figure 2b. The cells were washed free of surface

field of 1.45 kG. The Si[111] double-crystal monochromator was - - -
detuned 26% at 2740 eV. The data are the average of 2 scans. sulfate. The common abscissa in Figure 2 is marked to show

Blood product samples were maintained on ice until measurement,

and the spectra were obtained at ambient temperature. The blood Ce|K§;) gomr' R_.;GUrﬁh_, g'rgstpei;roﬁhi&"ﬁ%cﬁaglsg 42&;&?{;5&_
samples were visually inspected for lysis, as evidenced by blue or brown( ) 31%%ge‘ - N Gorbaty, M. L2 em Soc
(29) Fahlman, A.; Hamrin, K.; Hedman, J.; Nordberg, R.; Nordling, C.;
(26) Tyson, T. A,; Roe, A. L.; Frank, P.; Hodgson, K. O.; Hedman, B. Siegbahn, KNature (Londor) 1966 210, 4—8.

Phys. Re. B 1989 39, 6305-6315. (30) Yasuda, S.; Kakiyama Fspectrochim. Actd979 35A 485-493.
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Figure 1. Scheme outlining the experimental sample preparation. The samples were constructed to reveal the relative amounts and types of sulfur
in the following blood products: washed whole blood cells, washed blood-cell membranes, blood cell cytosolic lysate made free of sulfate, and
blood-cell-free plasma. The sulfate-free lysate sample tests the predicted presence of blood cell aliphatic sulfonate.

the energy regions corresponding to the K-edge absorptionprincipal absorption features near these respective energies.

maxima of sulfur valences 0 throught6 Direct visualization of the sulfur K-edge XAS of any endog-
The second-derivative minima at 2481.1 and 2482.4 eV imply €nous sulfonic acid is therefore necessary to forestall this error.
sulfur oxidation states of-6 and 6+, representing a sulfonic To directly view the spectrum of biological sulfonate, sulfate

acid and sulfate ion, respectively. However, these signals areion was quantitatively removed as the barium sulfate precipitate
broadened relative to the XAS spectrum of these ions in neutral from the supernate of the centrifuged lysate from a whole blood
aqueous solutio”* The minima near 2473 and 2474 eV may cell pack obtained from the S86 collection. Analysis of the solid
represent the presence of one or more endogenous disulfidesBaSQ, obtained revealed only traces§0 ppm) of vanadium.
These data have been discussed in more detail elsewhere. The sulfate-free supernatant was then lyophilized.
Unusual polysulfide metabolites have been isolated from the The sulfur K-edge XAS spectrum of this material in Figure
colonial ascidiarPolycitor sp.3* which may be relevant to the 3 is unambiguously that of an aliphatic sulfonic a&fd.There
disulfide signal. Further experiments are planned to test andis no evidence of the sulfur K-edge spectrum from any residual
elucidate this finding. sulfate ester. However, compared with the XAS spectrum of
Blood Cell Sulfonate.In earlier work, the blood cell sulfonic ~ methanesulfonic acid, that of the lysate-derived sulfonate is
acid signature was extracted from XAS difference spectra, or strongly broadened with lower intensity features which are
was deduced by comparisons with model solution XAS spectra, shifted slightly in energy. The broadening is not likely to be
or by Gaussian curve fitting experiments to whole-cell sulfur due to self-absorption (see below). The XAS signature of a small
K-edge XAS spectra. Since this finding was novel, and becauseamount ¢a. 15%) of low-valent sulfur appears at 2473 eV.
any whole blood cell sulfur K-edge spectrum of sulfonate sulfur ~ The Figure 3 (inset) second-derivative XAS spectrum con-
is badly obscured by that of sulfate, it was deemed worthwhile firms the complete loss of sulfate (compare Figure 2b) and
to independently verify the presence of this sulfur type. In exhibits features near 2479 and 2481 eV which are not present
addition, sulfate esters exhibit a K-edge spectrum which includesin the XAS spectrum of free methanesulfonate. As discussed
strong well-separated features at 2480.8 and 2482.8 eV (seebelow, these features are most likely due to complexation of
below). These features can be mistakenly interpreted to represensulfonate by vanadium(lll) in the lyophilized lysate. Vanadium
a mixture of sulfonic acid and acid sulfate, which have their analysis of whole blood cells taken from the S86 collection of
animals indicated an average blood cell p¢]79 mM 14

(31) Makarieva, T. N.; Stonik, V. A.; Dmitrenok, A. S.; Grebnev, B. B.; To directly evaluate the possibility of a V(IHsulfonate
!555"‘;;4_\/2'5\/8'? Rebachyk, N. M.; Rashkes, Y. W.Nat Prod 1995 interaction in the lyophilized lysate, powder models were
(32) Foerch, R.; Urch, D. Sl. Chem Soc, Faraday Trans 1 1989 85, prepared by lyophilization of solutions of methanesulfonate with

1139-1147. glucose/BSA in the presence or absence of vanadium(lll). Figure
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Figure 2. (a) Sulfur K-edge XAS spectrum of a whole blood cell
preparation from 85 specimens Af ceratodesfrom collection S86

(see text). (b) Second derivative of the blood cell spectrum, where
features due to the various sulfur types in the absorption spectrum are

more easily observed. The second-derivative features have been labeled L L f .
as to the assigned sulfur type. The central abscissa is marked to indicate

the XAS spectral energy position of the K-edge maximum of sulfur of
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Figure 3. Sulfur K-edge spectra of) lyophilized sulfate-free cytosol

and (— — —) a 100 mM pH 3.0 solution of methanesulfonic acid. The
lysate was prepared from a second whole blood cell sample taken from
the S86 collection. Soluble sulfate was removed as Ba$e major
absorption features of the lysate spectrum show an energy shift and
broadening relative to the same features in the sulfonic acid XAS
spectrum. Inset: The second-derivative XAS spectrum-of the
sulfate-free lysate sample and- - —) the methanesulfonic acid
solution. Differences in position and intensity of the main features are

here more evident. Note the complete loss of the sulfate signal at 2482.4,

eV (cf. Figure 2), indicating the quantitative removal of this ion. There
is no indication of any resident sulfate ester.

4a,b shows that complexation with vanadium(lil) has clearly
broadened the sulfur K-edge XAS absorption and second-
derivative spectra of methanesulfonate, indicated by the vertical
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Figure 4. Sulfur K-edge XAS spectrum of (aj{) aqueous sodium
methanesulfonate ane-(— —) a pH 2.0 solution of vanadium(lll) and
methanesulfonic acid, each lyophilized in a glucose/BSA matrix. (b)
The second derivatives of the XAS spectra in part a. The line types
have the same significance. Substitution of barium for sodium had no
effect on the sulfur K-edge spectrum. (c) The second-derivative XAS
K-edge spectra of-{) 1.0 M V(lll) tris(methanesulfonate) in 15 mM
methanesulfonic acid ane-¢—) lyophilized blood cell lysate. Broaden-
ing due to the formation of the [VESCHs),]©@~"" complex ion is
obvious in the region of 2479:22482.5 eV (vertical dashed lines).
Other features due to V(llsulfonate interactions are evident.

dashed lines near 2479.5 and 2482.5 eV. A control mixture
substituting Ba" for V(lIl) yielded methanesulfonate K-edge
XAS and second-derivative spectra which were superimposable
with those of the sodium salt. Thus the effect of added
vanadium(lll) is seen to be unique and most likely arises due
to the presence of a specific V(IHHOSQ,CHs bond.

The broadening of the sulfonate XAS spectrum from lyo-
philized lysate is clearly greater than that of the lyophilized
model. This implies that a larger proportion of sulfonate is
complexed by vanadium(lll) in the lysate. Thus Figure 4c
compares the second-derivative sulfur K-edge XAS spectra of
the lyophilized lysate and 1.0 M VESCHg)s in acidic solution.
The high total concentration in the 1.0 M solution ensures an
observable amount of liganded sulfonate as the complex ion
[(H20)6-nV(03SCHs)n] @M, and the XAS spectrum is strongly
broadened as a result.

(33) Swinehart, J. H.; Biggs, W. R.; Halko, D. J.; Schroeder, NBi©I.

Bull. 1974 146, 302-312.

Tullius, T. D.; Gillum, W. O.; Carlson, R. M. K.; Hodgson; K. Q.

Am Chem Soc 198Q 102, 5670-5676.

(35) Boeri, E.; Ehrenberg, AArch. Biochem. Biophysl954 50, 404—
416.

(34)
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Figure 5. Sulfur K-edge XAS spectrum of the centrifugable (mem- Figure 6. Sulfur K-edge XAS edge spectrum of the cell-free blood

brane) subcellular fraction. The high noise level is indicative of a low Plasma fromA. ceratodes The spectrum is essentially that of pure
(<5 mM) sulfate concentration, which persisted despite extensive Sulfate. A trace of low-valent sulfur is evident near 2473 eV, and this

washing. The signal from a small concentration of membrane-bound Signal is also shown expanded for clarity. Inset: The second derivative
low-valent sulfur is evident at 2473 eV. Inset: The second derivative Of the high-valent sulfur edge region of the spectrum. The complete
of the high-valent portion of the spectrum. No evidence for membrane- absence of any observable sulfonic acid feature at 2481 eV is
bound sulfonolipids or sulfate esters is observable at 2481 eV. noteworthy (compare Figure 2).

ybIood cell membranes. Sulfate esters are readily distinguished

The spectroscopic features of the lysate sample can also impl .
from sulfate by sulfur K-edge XAS, as discussed bel@iv (

complexation of sulfonate with other liberated biogenic Lewis i h X ’ ‘ b
acids such as Fe(lll) or VO. However, these possibilities can F|gure_ 8). _L' ewise, there is no evidence of membrane-
be excluded since no other transition metals were found present"’ls‘s’oc'ate‘j lipophilic sulfonic acids, as have been found in other

i i AT
in sufficient quantity inA. ceratodelood cells to account for marine organism&: . .
the magnitude of the observed resii#:3In addition, acidic The cell-free blood plasmacontained considerable sulfate,

and anaerobic conditions of lysis prevent autoxidation of ;Seggécit:g st,)geg;fu;trg(;icgnsilgrl]zeilglg-fj?;englsgr;?/?r?le(t)rficfr;en:I;lsfiusr
liberated V(Illf=**"% and, by analogy, any Fe(ll) (see beIovv). as barium sulfate yielded a plasma sulfate concentration of 22.4
The sulfur K-edge X-ray spectrum of the membrane fraction m. This value is comparable to previous findings (see below)
of lysed whole blood cells is given in Figure 5. This spectrum g 1o [sulfate] in the plasma of other ascididh§he second
reflects neutr_al inorganic sulfate, present de§p|te seyeral wa_lshlngjerivative of the high-valent sulfur portion of this spectrum
steps. The S|gnal-to.-n0|se of the spectrum is consistent with an(inset) is cleanly indicative of sulfate only. However, the very
average concentration of sulfate in the low5) mM range. weak feature at 2473.5 eV does indicate a small concentration
This sulfate could be nonspecifically associated with the of soluble low-valent sulfur, perhaps reflecting plasma
membranes despite the several washes, or it may indicate someroteins?>49-53
sort of specific sulfate-binding locus, or protéfte The Since neither the membrane fraction nor the cell-free plasma
membrane fraction also produced a small but observable signalgave any evidence of sulfonate ion, then the observed blood
from low-valent sulfur, accounting for about 19% of the total cell sulfonate either was transported rapidly into the appropriate
sulfur in the sample. blood cell(s) following synthesis elsewhere or else was produced
The data of Figure 5 excludes membranal sulfated lipo- Within blood cells. Taurine has apparently been found in
polysaccharides as the source of cellular sulfate. These com-2scidians;>*and soluble sulfonates have been found in a variety
pounds are known to be abundant in ascidian t&%it2 Other of marine alga® and animal$>°¢ Cysteate-like sulfur has been

ascidian-derived sulfate est&45 are also now excluded from reported (but not isolated) in ascidian blood cell homogenates
using Raman spectroscopy.

Complexation of Sulfate and Sulfonate.Association of
vanadium(lll) and sulfate has been inferred to occur at low pH

(36) Bielig, H.-J.; Bayer, E.; Dell, H. D.; Rohns, G.; Moger, H.; Ridiger,
W. Protides Biol Fluids 1966 14, 197—204.
(37) Jacobson, B. L.; Quiocho, F. A. Mol. Biol. 1988 204, 783-787.

(38) Jacobson, B. L.; Jing, J. J.; Lemon, D. D.; Quiocho, FJAMol.
Biol. 1992 223 27-30.

(39) Anno, K.; Otsuka, K.; Seno, NBiochim. Biophys. Actd974 362
215-219.

(40) Pava, M. S. G.; Albano, R. M.; Lawson, A. M.; Molica P. A. S.J.
Biol. Chem 1989 264, 9972-9979.

(41) Pava, M. S. G.; Moufa, P. A. S.; Mulloy, B.Carbohydr Res 1990
208 153-161.

(42) Albano, R. M.; PaWa, M. S. G.; Moufa, P. A. S.; Mulloy, B.
Carbohydr Res 1990 208 163-174.

(43) Moura, P. A. S.Biochemistry1991, 20, 3458-3464.

(44) Lindquist, N.; Fenical, W.; Riyani, L.; Clardy, J.Experiential991,
47, 503-504.

(45) Tsukamoto, S.; Haruko, K.; Hirota, H.; FusetaniJ\NNat Prod. 1994
57, 1606-1609.

(46) Haines, T. H. IrLipids and Biomembranes of Eukaryotic Microorgan-

isms Erwin, J. A., Ed.; Academic Press: New York, 1973.

(47) Anderson, R.; Livermore, B. P.; Volcani, B. E.; Kates, Blochim.
Biophys. Actal975 409, 259-263.

(48) Goodbody, |Adv. Mar. Biol. 1974 12, 1—-149.

(49) George, W. CQ. J. Microsc. Sci1939 81, 391-430.

(50) Webb, J.; Chrystal, RVar. Biol. (Berlin) 1981, 63, 107-112.

(51) Martin, A. W.; Huebers, E.; Huebers, H.; Webb, J.; Finch, Blaod
1984 64, 1047-1052.

(52) Vasta, G. R.; Hunt, J. C.; Marchalonis, J. J.; Fish, W.J\VBiol.
Chem 1986 261, 9174-9181.

(53) Pizarro, J.; Andrade, C.; Crivelli, Comp Biochem Physiol, A:
Comput.Physiol 1989 94A 777-781.

(54) Osborne, N. N.; Neuhoff, V.; Ewers, E.; Robertson, H.Gamp
Biochem Physiol, C 1979 63C, 209-213.

(55) Ciereszko, L. S.; Mizelle, J. W.; Schmidt, R. W.FoodDrugs Sea
Proc. [Conf], 3rd, 1972(1973 1973 177-180.

(56) Busby, W. F.; Benson, A. APlant Cell Physiol 1973 14, 1123~
1132,
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Figure 7. Modification of the K-edge XAS spectrum of solution
sulfate: (a) as a function of pH; (b) second derivative of the spectra in
part a. The pH of each solution is given on the face of part a. At pH
0.0, virtually all of the sulfate is present as the bisulfate ion, HSO

(c) Modification as a function of [V(IIl)]. (d) Second derivatives of
the spectra in part c. The ratios of vanadium and sulfate are given on
the face of part c. About 99% of the sulfate is calculated to be within
the VSQ™ complex ion in the 10:1 vanadium(lll):sulfate solution.
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Figure 8. Sulfur K-edge XAS spectra of (a)—) mycinositol
hexasulfate, 25 mM solution:+¢) aqueous [(HO)sVSO4]™; and (~+—)
aqueous HS®. (b) Second derivatives of the XAS absorption spectra
in part a. The sulfate ester groupsritycinositol hexasulfate are of
strictly Cs, symmetry. Thus the 1s> & and 1s— e transitions are
exclusively present and are marked with arrows at 2480.8 and 2482.8
eV, respectively. The near coincidence in energy of the second-
derivative XAS features in the spectrum miycinositol sulfate with
those in the spectra of VSO and HSQ~ permit the assignment of
the 1s— & and 1s— e transitions in the XAS spectra of these latter
species.

On titration of sulfate with vanadium(lll) in pH 1.8 solution,
effects analogous to those produced by acid were observed at
2480.8 eV and at 2483.0 eV (Figure 7c,d). The small shoulder
at 2482.5 eV in Figure 7d (1:10 S©:V(lIl)) is analogous to
the above-mentioned fortuitous bisulfate feature at 2482.0 eV
in Figure 7b. From the equilibrium constants governing V(III)

Arrows mark the regions where the spectroscopic consequences ofand sulfaté” and theK, of HSO;~ (1.20 x 102 M), about 99%

increasing titrant are most obvious. The strong solution bisulfate feature
at 2482.0 eV in part b and the small minimum near 2482.5 eV for
VSO,* in part d, are due to the emergence of a minor absorption feature
at each respective energy.

within intact blood cells fronA. ceratode$14232%and we have
suggested that this association accounts for the biological
broadening of the sulfur K-edge XAS spectra of blood cells
from this animal. To systematically investigate this process, the

sulfur K-edge XAS spectra of methanesulfonate and sulfate ions

in inorganic solution were titrated with vanadium(lll) (at pH
1.8) or with acid. The experimental solutions were 67 or 100
mM in total sulfur, respectively, avoiding the problem of self-
absorption which limited the resolution of earlier wafk.

Titration of sulfate with acid under these conditions (Figure

7a,b) produced new sulfur K-edge XAS absorption and second-

derivative features near 2481.1 and 2482.8 eV. These were wel

of the sulfate in the 1:10 S@:V(lIll) solution is within the
[(H20)sVSO4 ™ complex ion.

These XAS spectral changes can be understood in terms of
the spectroscopic consequences of the symmetry-lowering of
sulfate ion on complexation. In the K-edge XAS of free sulfate
ion there is only one 1s> (valence %) transition, observed at
2482.4 eV, undeily (tetrahedral) symmetrsf.27-58:590n pro-
tonation, or on complexation with vanadium(lll), the symmetry
of sulfate ion is lowered t€s,. The triple degeneracy of the t
final state is thereby split into an state and a doubly degenerate
e state?627.59The 1s— g and 1s— e transitions in bound sulfate
produce two new absorption features at slightly different
energies, observed as broadenitgf:5% 61 Similar effects have

(57) Meier, R.; Boddin, M.; Mitzenheim, S.; Kanamori, K. Metal lons
in Biological Systemsvol. 31: Vanadium and Its Role in Lif&Sigel,

| H., Sigel, A., Eds.; Dekker: New York, 1995; p 45.

(58) Johansen, HTheor. Chim Acta (Berlin) 1974 32, 273-278.

developed at pH 0.0, where about 99% of the sulfate is present(sg) Tyson, T. A.: Roe, A. L.; Hedman, B.; Frank, P.; Hodgson, K. O.

as equilibrium bisulfate ion. The strong shoulder at 2482.0 eV
in the second-derivative spectrum of pH 0.0 sulfate is fortuitous

and corresponds to a surprisingly small feature at that energy )

in the XAS absorption spectrum.

Physica B1989 158 398-399.
(60) Fehrmann, R.; Krebs, B.; Papatheodorou, G. N.; Berg, R. W.; Bjerrum,
N. J.Inorg. Chem 1986 25, 1571-1577.
Sekiyama, H.; Kosugi, N.; Kuroda, H.; Ohta,Bull. Chem Soc Jpn
1986 59, 575-579.
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been noted in the Raman spectra of sulfate on complexation:

with V(Ill) in solid KV(S0,4),% and with V(Ill) and VG in
aqueous solutiof? 63

Figure 8 compares the absorption and second-derivative sulfur.

K-edge XAS solution spectra of H3Oand VSQT ions with
those ofmyainositol hexasulfate. Sinamycinositol hexasulfate
includes six covalent sulfate esters, it is a good example of
covalently bound purel\Cz, symmetry sulfate. The 1s> &

and 1s— e transitions in the sulfur K-edge XAS spectrum of
myacinositol hexasulfate should exhibit an intensity ratio which
reflects the relative 1:2 orbital degeneracy ratio, and they are

thus assigned to the features at 2480.8 and 2482.8 eV (arrows)Ho—S0;~ ion

respectively.
Comparison of the absorption and second-derivative sulfur
K-edge XAS spectra of both bisulfate and the \iS@omplex
ion with that of mycainositol hexasulfate (Figure 8a,b) allows
assignment of the Is> a1 and 1s— e transitions in the spectra
of these equilibrium-complexed sulfate ions by analogy.
Gaussian fitting experiments were used to deconvolute the
Cs, transition features of sulfate observed in the sulfur K-edge
XAS spectrum of mycinositol hexasulfate, and following
protonation, or complexation with vanadium(lll). Four Gaussian

Inorganic Chemistry, Vol. 38, No. 2, 199267

Table 1. Results of Gaussian Fitting to Sulfate Forms

center of fwhm? of

Gaussian Gaussian rel 1s—valence AeV

sulfate form (eV) (ev) area transitio® (e— &)
SO~ ion 2482.1  0.80 0.20 Ga
in pH 6.3 soln 2482.5 1.51 5.0 2t
2483.7 1.38 1.0 Ryd
2484.0  arctan Ryd
[(H20)sV"O—-SO5) T 2481.2 1.99 1.0 el
in pH 1.8 soln 2482.2 1.12 0.21 a 1.7
24829  2.02 4.1 e
2483.9  arctan Ryd
2481.4 1.39 1.0 a
in pH 0.0 soln 24819 0.71 0.12 a 1.3
2482.7 1.85 6.1 e
24835  arctan Ryd
R3sCO—-S0;™ as 2480.8 1.45 1.0 1a
myaoinositol 2481.4 1.00 0.21 Ga 2.0
hexasulfate in 2482.8 1.90 2.3 e
25 mM soln 2483.4  arctan RYd

a Full width at half-maximum® 1s— valence transitions in the sulfur
K-edge XAS spectra of VSO and HSQ™ were assigned by analogy
with the spectrum ofmyainositol hexasulfateS Unassigned? Fit
component used to model the Rydberg envelope (see text).

elements were found necessary to reproduce these spectra, and

the results of the fits are given in Table 1.

The magnitude of the splitting between theamd e orbital
states is likely to be a measure of the distortion of sulfate ion
away from pure tetrahedral symmetry. From Table 1, this
distortion is indicated to be in the order sulfate estevSO,"
> HSQ,~. This point merits further discussion.

The crystal structures of ionic metal sulfates reveal that the
S—0 bond length varies only slightly in various crystalline
environments, averaging 1.4820.003 A87 Extensive hydrogen
bonding does not greatly affect this lengehg, 1.46-1.47 A
in dihydrazinium sulfaté® The O-S—O angles, another
measure of sulfate distortion, vary from the ideal tetrahedral
value of 109.8 by about+2° in crystallographic ionic sulfate.

In the crystal structure of organosulfate esters the unique
~0sS—OR bond length is 1.61 A, for an increase of about 0.13

(62) Kanamori, K.; Ookubo, Y.; Ino, K.; Kawai, K.; Michibata, thorg.
Chem 1991, 30, 3832-3836.

(63) Kanamori, K.; Kunita, N.; Okamoto, K.-I.; Hidaka, Bull. Chem
Soc Jpn 1993 66, 2574-2578.

(64) Agarwal; B. K.X-Ray SpectroscopySpringer-Verlag: Berlin, 1979;
p 276 ff.

(65) Chen, C. T.; Ma, Y.; Sette, Phys. Re. A 1989 40, 67376740.

(66) Schwentner, N.; Fajardo, M. E.; Apkarian, V. &hem Phys Lett
1989 154, 237—-241.

(67) Nord, A. G.Acta ChemScand 1973 27, 814-822.

(68) Liminga, R.; Lundgren, L.-OActa Chem Scand 1965 19, 1612—
1628.

(69) Truter, M. R.Acta Crystallogr 1958 11, 680-685.

(70) Fries, D. C.; Sundaralingam, Mcta Crystallogr 1971, B27, 401—
410.

(71) Helmes, R. JActa Crystallogr 1971, B27, 272—281.

(72) Grimvall, S.Acta ChemScand 1971, 25, 3213-3219.

(73) Fehrmann, R.; Soghomon, B.; Papatheodorou, G. N.; Nielsen, K.; Berg,
R. W.; Bjerrum, N. JActa ChemScand 1991, 45, 961-964.

(74) Tachez, P. M.; Theobald, F.; Watson, K. J.; Merier, &ta
Crystallogr. 1979 B35, 1545-1550.

(75) Nielsen, K.; Fehrmann, R.; Eriksen, K. Mhorg. Chem 1993 32,
4825-4828.

(76) Graeber, E. J.; Morosin, B.; Rosenzweig,Am. Mineral 1968 50,
1929-1936.

(77) Perrot, M.; Guillaume, F.; Rothschild, W. G. Phys Chem 1983
87, 5193-5197.

(78) Kataoaka, YBull. Chem. Soc. Jprl993 66, 2478-2491.

(79) Magini, M.J. Chem. Phys1979 70, 317-324.

(80) Caminiti, R.; Paschina, G.; Pinna, G.; Magini, ®hem Phys Lett
1979 64, 391-395.

(81) Caminiti, R.Chem Phys Lett 1982 88, 103—-108.

(82) Baker, F. L.; Smith, W. MCan J. Chem 197Q 48, 3100-3103.

A. The remaining bond lengths concurrently decrease: by about
0.01 A in potassium ethyl sulfaf8,or by about 0.04 A in
tyrosineO-sulfate’® Likewise in ammonium bisulfate the unique
~03S—O0H bond length is 1.55 Al and it is 1.60 A in sodium
bisulfate’

In some contrast, for sulfate liganded to V(I#H73 to
V027475 or to Fe(lll),/8 the length of therO3;S—OM bond is
only 1.48-1.51 A (where M= transition metal ion).

These crystallographic data imply that the magnitude of the
a, and e orbital energy splitting in the sulfur K-edge XAS spectra
of singly bound sulfate species should be in the order sulfate
ester> bisulfate> (O3S—OV(lIl)). This result is contrary to
the order observed (Table 1) and may reflect the XAS
experimental conditions,e., the liquid solution state.

In acidic aqueous solution, sulfate has complete rotational
freedom. The orientational relaxation timé( the end-over-
end rotation) of nitrate and carbonate, for example, are in the
range of a few picoseconds in water solutfér® From X-ray
scattering experiments, sulfate is known to be hydrogen bonded
to about eight water molecul@s®! in both neutral and acidic
aqueous solution. The solvent cage of water molecules and the
attendant hydrogen-bonding network surrounding sulfate ion is
likewise dynamic on the picosecond time sc&l@hus a more
approximately tetrahedral symmetry may be restored to bisulfate
in acidic aqueous solution by virtue of a position-averaged
hydrogen-bonding and solvent cage. In acidic aqueous solution
these dynamics may lift much of the unique length found in
the solid state"O3S—OH bond by averaging theOsSO—H
interactions over all four sulfate oxygens. For example, the
Raman spectrum of pH 0.2 sulfate showed no sign of the split
peak expected if thd&q symmetry of sulfate were reduced to
Cs, on protonation in solutiof? The fact that such splitting is
observed at all in the sulfur K-edge XAS spectrum of solution
bisulfate may be due to the short lifetime of an electronic
transition relative to a Raman transition.

Position averaging of the sulfate oxygens may not be possible
within a transition metal sulfate complex ion. The results of
X-ray scattering experiments on solutions of the FgSO
complex ion, which is homologous to V3Q are best fitted
by a model which includes a nontumbling sulfate ligdhdf.
solvent or rotational averaging processes are less likely to be
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available to sulfate within the solution V§Ocomplex ion, then
the “O3S—0OV(lll) bond might retain its unique character on a
time-scale governed by the dissociation kinetics of WS@his
effect would account for the ordering observed in the relative
energy splitting of the 1s> & and 1s— e transitions, as noted
above. The average lifetime of the FeSQcomplex ion in
solution is about 40 m%84

These equilibrium processes may also explain the observation
that the 1s— & and 1s— e transition features in the sulfur
K-edge XAS solution spectra of both pH 0.0 sulfate and
vanadium(lll) sulfate do not exhibit the 1:2 intensity ratio
expected from the relative orbital degeneracies.

Similar but greatly attenuated effects were noted in the sulfur 0 | b
K-edge XAS spectra of aqueous methanesulfonate solutions on
titration with acid or with vanadium(lll). Since the basicity of
the alkylsulfonate ion is very much weaker than that of sulfate
(pKa ~ 0).85 the spectroscopic consequences pertaining to
complexation by proton or vanadium(lll) were diminished.

Sulfur Quantitation within Blood Cells. In a previous
study* we elucidated thén »ivo ratios of biological sulfate

Normalized Absorption

Second Derivative
T
I

and sulfonate in three independeft ceratodesblood cell 'Z'O_L

samples using Gaussian fits to whole blood cell sulfur K-edge ey N

XAS spectra. The widths of the Gaussians reflected whether 2478 2480 2482 2484 2486
the biological sulfate or sulfonate species were free ions in Energy (eV)

solution, were protonated, or were bound to vanadium(lll) within Figure 9. Sulfur K-edge XAS spectra of (a)) the high-valent portion
a complex ion. of the blood cell spectrum of Figure 2+-(— —), the fit to the spectrum;

Here we extend this earlier analysis and comparison by 2nd (---) the Gaussian components of the fit to the spectrum. The arrow
points to a minor Gaussian at 2481 eV which remains unassigned. See

complete quantitation of blood cell sulfur, with specification text for a discussion of the other assignments. (b) The second derivatives
of sulfur type for the whole blood cell samples S85 and S86, of (—) the blood cell sulfur K-edge XAS spectrum and ¢ —) the

which were collected from the same locale 1 year apart (seefit to the spectrum.
Materials and Methods for details).

In Figure 9 we show the Gaussian fit to the high-valentregion  For the S85 blood cell sample, Gaussian analysis yielded
of the sulfur K-edge XAS spectrum of a whole blood cell sample blood cell ratios for sulfate:sulfonate:low-valent sulfur of 1.0:
from collection S86. This spectrum is the same as that of Figure 0.90:0.37 (sulfate:sulfonate ratias 10%, see Materials and
2 and was fitted with a total of 6 parameters: the primary 1s Methods). Soluble sulfate in this sample was quantitated as
— valence transition of blood cell sulfate and sulfonate BaSQ,° yielding an average in vivo concentration of 1403
represented by one Gaussian each; a minor Gaussian near 248hM.
eV; two Gaussians representing the Rydberg envelope arising For the S86 blood cell sample, the Gaussian curve fit indicated
from higher energy bound state transitions within these ions; a ratio of 1.0:0.5:1.54£10%) for endogenous sulfate:sulfonate:
and a linear offset to account for the total edge-jump of the low-valent sulfur. Following the addition of Bato the lysate
low-valent sulfur. obtained from 1.00 mL of packed cells (from 120 animals), 34.4

The Gaussians used to fit the S86 XAS spectrum were mg of barium sulfate was obtained. The recovered BaSO
consistent with blood cell sulfate and sulfonate in pH 1.5 equivalentto an average intracellular concentration of about 150
solution only** indicating the absence of am vivo biological mM sulfate. Analysis of the barium sulfate precipitate indicated
vanadium(lll) complex ion. Therefore, any vanadium(lll) an upper limit of 80 ppm for any vanadate contaminant.
present in this whole blood cell sample must have been The soluble sulfate fraction accounts for virtually all of the
sequestered away from contact with either biological sulfate or blood-cell sulfate. Therefore the analytical results for sulfate
sulfonate. Absent in the whole cells, the association of sulfonate combined with the ratio of sulfur types from the Gaussian fits
with V(III) in the lyophilized lysate as described abowef. ( allow calculation of the average concentrations of all of the
Figures 3 and 4) was thus after blood cell lysis. sulfur types in each of the two blood cell samples. These

In a sulfur K-edge XAS spectrum, the relative height of the concentrations represent a biological variation in sulfur across
ionization edge-jump is proportional to the concentration of each a full year for the residerA. ceratodegpopulation. The results
sulfur type in the sample. The areas of the sulfate and sulfonatefor each sample were produced using the same techniques and,
Gaussians used in the fits were also found to be proportional tothus, include the same set of assumptions and conditions. The
concentratiort4 This permitted the ratio of blood cell sulfur  results of this analysis are given in Table 2.
types to be directly determined from the areas of the Gaussians Given the large number of animals represented by each blood
used to fit the sulfur K-edge XAS spectrum of each whole blood cell sample, it seems unlikely that the variations in sulfur

cell sample. distribution and concentrations given in Table 2 reflect scalar
differences between individual animals. Instead, the results point

(83) Barthel, J.; Hetzenauer, H.; BuchnerBRr. BunserGes Phys Chem to aggregate variations at the population level, presumably
1992 96, 988-997. reflecting a community response to environmental cues. Thus

(84) Jayson, G. G.; Pearsons, B. J.; Swallow, Al. Chem Soc, Faraday ;
Trans 1 1073 63, 1079-1089. for the S85 blood cell collection the soluble [sulfate] was 110

(85) Bell, R. P.The Proton in ChemistnCornell University Press: Ithaca, =+ 3 mM: a_md total average [sulfur] was found to be 25(2
NY, 1959. mM.8 Within the blood cells of the S88. ceratodesollection,
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Table 2. Comparison of Blood Cell Sulfur Concentrations Across 1  concentrations of all of the endogenous vanadium(lll) and

Year sulfate equilomers. This calculational model assumes the
samplé S8% S86 colocation of all of the relevant species, a presumption for which
[sulfate] (mMM) 110 150 there is good evidence in this c&d&23and which is supported
[sulfonate] (MM} 99 70 more generally;*11.258789 however, see below.
[low-valent sulfur] (mM¥ 41 220 For the S85 sample, the calculation yields blood cell
total [sulfurkes (mM)® 250 440 concentrations of [SE3 Jfee = 8.5 MM; [HSQ ] = 79.7 mM;
[sulfate}iasma(mM) 20.2 22.4 V(D] free = 77.7 mM; [(HO)VSO;T] = 20.9 mM; and

aThe detailed Gaussian fit for blood cell sample S85 has been [(H20)4V(SOs)2~] = 0.45 mM. The complexed [sulfate] thus
report_eoll.4 b The blood cell sulfur concentrations for the S85 collection  calculates to about 92% of the total [sulfate], accounting for
are slightly greater than previously repoftéebcause they have been  the observed strongly broadened sulfur K-edge XAS spectrum.
recalculated to reflect [total sulfur] rather than [soluble sulfur] for the The sulfur K-edge XAS spectrum of sample S86 exhibited

purposes of this comparison. The XAS method queries total cellular : )
sulfur, whereas the lysate contains only soluble sulfur. Some of the N0 detectable V(lIy-sulfate interactiort! Therefore the data

sulfate and low-valent sulfur remain membrane-bound after lysis and SUpport a chemical model which only includes an endogenous
washing (vide infra)¢ The analytical precision of [sulfate] is about ~ protonation equilibrium for the blood cell sulfate. In this case
+3%, and it is about:10% for the remainder (see Materials and the calculated blood cell [S® fee = 41.3 MM and [HSQ]
Methods).? The plasma sample was rendered cell-free by centrifugation = 108.6 mM, indicating 72% protonation of sulfate. This is

at 300@. Seawater [sulfate}-27.6 mM=* comparable to the 72.5% protonated sulfate calculated for the
S85 sample.
soluble [sulfate] was 156 5 mM and total average [sulfur] As mentioned previousi the sulfur K-edge XAS spectrum

was 440+ 44 mM. Hence a striking 1.8-fold increase in average o the S85 sample was much more strongly broadened than that
organismal level of blood cell sulfur is recorded in the course ¢ the S86 sample. An explicit and independent chemical
of a single year. _ _ rationale for this finding is now available in that an additional
From Table 2, the 1 year increase in soluble [sulfate] by 40 2094 of the endogenous sulfate is calculated to be bound to
mM is moderate and is comparable in absolute magnitude to V(Ill) in the S85 blood cells.
the decrease in sulfonate concentration by about 29 mM. The e calculated blood cell equilomer concentrations constitute
majorin vivo sulfur concentration change resides in the nearly 4 retrodictive explanation of the observed broadening of sulfur
_6.5_—fo|d increase in low-valent [sulfu_r]. Th|s_ latter finding K-edge XAS spectra based upon a simple inorganic model of
indicates that a large amount of thiol/disulfide sulfur was engogenous vanadium and sulfate. Explicit numerical fits to
Q|rected into blooq cells durlpg the intervening year.'AIterna- future blood cell sulfur K-edge XAS spectra using the sulfur
_t|vely, th_e c_han_ge in sulfur ratios may reflec_t a dramatic change K-edge XAS spectra of appropriate inorganic solutions can be
in the distribution of blood cell type¥. In either case, these  ;5eq to test this inorganic model. Whether or not the fits are

results reinforce the suggestion made previostpat A. successful will constructively examine the assumption that all
ceratodes displays a remarkably rich and variable sulfur of the vanadium, sulfate, and acid are indeed collocated and in
metabolism. solution in any given blood cell sample. That is, other modes

From the known average blood cell [V(lI)] of 99 mM for  of plood cell vanadium or sulfate storage will be implied if fits
the S85 sample and 79 mM for the S86 saniplihe average  pased upon a simple solution model are confounded.
sulfate:V(lll) concentration ratios are about 1.1:1.0 and 1.9:  However, fits to sulfur K-edge XAS spectra are also
1.0, respectively. Since the [sulfate]:[V(lIl)] ratio in sample S85  complicated by the contributions of low-valent sulfur to the total
is less than the 1.5:1.0 ratio of crystalling(8Qy)s, the average  gyjfur K-edge XAS spectra of blood cells. Alternatively,
blood cell [sulfate] is insufficient to balance the full ionic charge  jntracellular vanadium(l1B-sulfate complexes can be observed
of endogenous vanadium(lll). However, inclusion of average sjng vanadium K-edge XAS of whole blood céffsAnalogous
[sulfonate] permits calculation of an [ionic sulfur:[V(lll)] ratio,  fitting experiments using the XAS spectra of appropriate
normalized by charge (i.e., (2[SO] + [RSO; ])/(3[V*'])). vanadium models can therefore provide an independent test of
This ratio is 1.1:1.0 in sample S85 and 1.6:1.0 in sample S86. the complexation model described here.

Ina stoichiomgtric complex the charge.-balance ratio must be |, summary, we have shown that the sulfur species contained
1:1. Therefore in each case, the combined average blood cellyjithin A, ceratodeslood cells are almost exclusively cytosolic.
[sulfate] + [sulfonate] is more than sufficient to balance the  Bjood cell membranes contain traces of sulfate and low-valent
full ionic charge of endogenous vanadium(ill). sulfur, but contain no observable lipophilic sulfonic acids or

A Complexation Model for Blood-Cell Vanadium and sulfate esters. Blood cell sulfur distributions and concentrations
Sulfate. The sulfur K-edge XAS spectrum of the S85 sample ¢an change radically across a single year. Intrinsic sulfate ion
contrast, the S86 blood cell sample yielded sulfur K-edge XAS yanadium(lll), as indicated by broadening of the sulfur K-edge
data indicating no interaction between endogenous vanadium-yxag spectra of whole blood cells. This broadening is due to
(I and sulfate. The average total blood cell [V(Ill)] and  |owering of the tetrahedral symmetry of sulfateQg symmetry
[sulfate] and the pH of the requisite medi@itiare known for  following complexation. Experiments are in progress to test
each blood cell sample. Therefore the compleximetric constantsihese results by using vanadium K-edge XAS to examine whole
for vanadium(lll) and sulfate of Meieet al>” and the known  pjood cells from the perspective of endogenous vanadium.
Ky of SO~ (83.2 M) can be used to calculate the average Extending the XAS approach to ascidians of other species and
to specimens oA. ceratodedrom locales other than Monterey

(86) Biggs, W. R.; Swinehart; J. HExperiential979 35, 1047-1049. i ; ;

(87) Bell, M. V.; Pirie, B. J. SJ. Exp. Mar. Biol. Ecal 1984 74, 184- Bay Is an ongoing project.
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