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ARTICLE INFO ABSTRACT

Two samples of living blood cells and of cleared blood plasma from the Phlebobranch tunicate Ascidia ceratodes
from Bodega Bay, California, and one of fresh Henze solution from A. ceratodes of Monterey Bay, California, have
been examined using sulfur K-edge x-ray absorption spectroscopy (XAS). Biological sulfur included sulfate esters,
sulfate and bisulfate ions, benzothiazole, thianthrene, epi-sulfide, thiol and disulfide. Glutathione dominated
reduced sulfur, from which an average intracellular Voltage of —0.21 V was calculated. Sulfate-bisulfate ratios
yielded blood cell pH values of 2.0 and 2.8. Total blood cell [sulfur] was 373 = 9 mM or 296 + 73 mM from
BaSO, gravimetry. Two plasma samples (pH 6.9 or 7.0; [S] = 33 = 6 mM or 26 = 4 mM) were dominated by
sulfate and disulfide. Fresh Henze solution evidenced a sulfur inventory similar to blood cells, with calculated pH
= 2.7. A V(II)-sulfonate fraction varied systematically with intracellular pH across six independent blood cell
samples, implying a vanadium mobilization pathway. Bodega Bay and Monterey Bay A. ceratodes appear to
maintain alternative suites of low-valent sulfur. The significance of the vanabins to vanadium metabolism is
critically examined in terms of known protein — V(IV) biochemistry. Finally, a detailed hypothesis for the re-
duction of [VO,]®~ to V(III) in ascidians is introduced. A vanadium oxido-reductase is proposed to span the
signet ring membrane and to release V(III) into the inner acidic vacuole. The V(V) to V(III) reduction is predicted
require an inner-sphere mechanism, a thiol reductant, 7-coordinate V(III), a biologically accessible Voltage, and
proton-facilitated release of V(III).
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1. Introduction

Ascidians are a highly successful group of sessile filter feeding
marine organisms of the Urochordate sub-phylum, which includes sub-
orders Phlebobranchia, Aplousobranchia, and Stolidobrachia [1,2].
Their range is pelagic to intertidal. The ascidians include a cellulosic
test (outer jacket) and deploy a complex and unique blood cell mor-
phology [3-7].

Modern ascidians are direct descendants from an immediate
common ancestor with the earliest chordates [1,8-13]. This fact alone
recommends their study [2,11,13,14]. Fossil ascidians of Cambrian age
are nearly isomorphous with their modern phenotypes, representing
unimpeachable evidence of evolutionary success [15-18]. Several
hundred million years after their first appearance, there followed the
earliest reports discussing the unusual biochemistry of ascidian blood
cells [19-24]. Later reports described blood cell types and

morphologies, their intracellular acidity and sulfate, and the extra-
ordinarily high concentrations of blood cell vanadium in the Phlebo-
branchia [3,7,25-30]. Ascidian blood includes about ten identified cell-
types, with morula cells and signet ring cells constituting the majority
[3,7,25]. Signet-ring cells include a large internal vacuole, with the
nucleus at the periphery of the cell.

Ambient vanadium in the open ocean is about 30 nM and typically
present as the V(V) vanadate oxo-ion, [VO4]3’ [31,32]. Marine vana-
dium can be V(IV) in anoxic sediments, typically as the VO** vanadyl
ion, but this is certainly a minority redox state [33]. The Phlebobranch
ascidians remove [VO4]°~ from sea water, reduce it to V(III) and se-
quester it in pH 1-3 sulfuric acid solution within signet-ring blood cell
vacuoles [21,30,34-39]. Ascidian blood cell [V] reaches 0.1-0.3 M,
representing a concentration of a few million over ambient marine le-
vels [34,36,40].

The exemplary work of Boeri and Ehrenberg, still relevant and very
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modern in outlook and methods, was the first to characterize the in-
organic biochemistry of ascidian blood cell V(III) [41]. The vanadium-
containing cells, originally termed vanadocytes, are now known to be
the signet-ring cells [40,42]. The strong intracellular acidity was later
experimentally confirmed and also found to be localized to the signet-
ring cells [38,40,42]. Thus, both acid and V(III) are co-located in the
signet-ring blood cells. Lysis of ascidian blood cells produces Henze
solution, which is possibly part of the immune response. Henze solution
includes a complex mixture of released vanadium, proteins and bio-
molecules, and microscopic glassy particulates [39,43-48].

Investigations into the detailed biochemistry and micro-morphology
of ascidian blood cells included study of H'NMR V(III)-induced contact
shifts of intra-vacuolar water, electron microscopic resolution of va-
nadium compartmentalization within blood cells, and the distribution
of vanadium and other metals in ascidians [49-54]. Vanadium K-edge
X-ray absorption spectroscopy (XAS; see the Table of Abbreviations
Used in the Text in Appendix 3 of the Supplementary Information) and
extended x-ray absorption fine structure (EXAFS) analysis demon-
strated that nearly all of the blood cell vanadium was maintained as
aqua V(III) in Ascidia ceratodes [37,55]. However, in Phallusia nigra,
considerable blood cell V(IV) as VO?* was also found, as well as V(III)
complexes similar to tris-catecholate-like chelates [56]. As aqua V(III) is
extensively hydrolyzed above pH 3 [57], the free V(III) found to be in
blood cells necessitated high intracellular acidity.

Vanadium K-edge X-ray absorption spectroscopic (XAS) studies of
the uptake of V(IV) (VO?*) ion and thiol by A. ceratodes blood cells
yielded evidence for entry of V(IV) and V(III) into an intracellular edta-
like chelating site [58]. This chelate was proposed to reflect the active
site of a vanadium reductase, which was up-regulated by the immediate
availability of V(IV) and a biologically active thiol reductant. This
discovery in turn led to a detailed hypothesis for the active site struc-
ture and mechanistic steps of an ascidian vanadium reductase [58,59].
Critical to this hypothesis was the discovery that the moderately strong
biological thiol and ascorbate reductants are able reduce V(IV) when a
seven-coordinate V(III) final state was available [58,60].

Sulfur K-edge XAS of intact living blood cells of A. ceratodes from
Monterey Bay, California revealed a very complex inventory of biolo-
gical sulfur [61-63]. Blood cell concentrations of cysteine and cystine
indicated an intracellular Voltage of —0.20 V, while the sulfate-bi-
sulfate ratios indicated internal acidities of pH 0.8-3.1, consistent with
the earlier EPR and micro-electrode assessments.

Here we report new sulfur K-edge XAS examinations of whole blood
cells of A. ceratodes from Bodega Bay, California that extend the account
of biological sulfur, internal Voltage and acidity to A. ceratodes 200 km
north of Monterey Bay. The first sulfur XAS examination of fresh Henze
solution is also reported. These findings are combined with the protein
biochemistry of vanadium to produce a uniform view of the bioinor-
ganic chemistry of ascidians. Finally, a complete hypothesis for the
biological reduction of [VO,]®~ taken up from the marine environment
to V(III) within blood cells is proposed, including the concept of a
membrane-bound reductase.

2. Materials and methods

For the BaSO, gravimetric analyses described below, 1.0 M Ba
(ClO,), solution was prepared by reacting 15.77 g (50 mmol) of Ba
(OH),8H,0 (FW 315.48; Baker Analyzed Reagent) with 8.66 mL of
69.4% HClO4 (100 mmol; Baker Analyzed Reagent; sp. gr. 1.67) in
30.0 mL of 18 meg-Ohm deionized water and then diluting to 50.0 mL.
As a control, addition of a solution of [VO5] ™ in 1 M HCIO, to a sample
of the Ba(ClO4), solution produced no precipitate [64,65].

Whole blood cells and cleared plasma for Bodega Bay A. ceratodes: Six
specimens of Ascidia ceratodes (each about 6 cm X 3.5 cm) were col-
lected on 3 March 2008 from the floating docks of the Spud Point Yacht
Harbor, Bodega Bay, California (38.333 N, 123.048 W). These provided
whole blood cells and cleared plasma samples for sulfur K-edge X-ray

absorption spectroscopic (XAS) examination. The six specimens were
brought to Stanford University immersed in 2-gal of Bodega Bay water,
cooled during transport within an ice-filled Styrofoam chest. At
Stanford, the specimens were transferred into a five gallon plastic
bucket containing fresh Bodega Bay water, brought to Stanford for that
purpose, and were maintained with continuous aeration overnight in a
4C cold room.

The following morning two blood cell samples were prepared, each
consisting of the combined blood cells taken from two-specimens. For
blood removal, a window was shaved into the test of each ascidian
above the beating heart. Blood was then removed by cardiac puncture
using a 5 cc sterile plastic syringe (Plastipak) fitted with a 23-gauge
needle. Whole blood was combined in a graduated 10 mL conical pyrex
centrifuge tube (Dupont Instruments).

Total blood volumes from each of the two sets of A. ceratodes spe-
cimens were 5.9 cc (sample 1) and 8.4 cc (sample 2). The fresh blood
was light green in each case. The two combined blood cell samples were
centrifuged at 300 xg for 10 min using a Sorvall RC-5C refrigerated
centrifuge (SS-34 rotor). The cleared plasma was removed without
disturbing the pellet, using a Pasteur pipette. The measured pH values
of the cleared plasma samples were 6.86 (sample 1) and 6.97 (sample
2). Laboratory pH values were measured using an Orion Two-Star pH
meter, after two-point calibration at pH 4 and pH 10.

Neither pelleted blood cell sample showed any sign of lysis, which if
present appears as blue or brown specks. The cohesive blood cell pellets
were washed by careful spin up into 4 mL of cold (4C) 0.5 M NaCl
buffered with 25 mM sodium phosphate, pH 6.7, followed by cen-
trifugation at 300 X g for 10 min. After careful removal of the super-
natant as before, the pelleted cell samples were covered with 4 mL of
cold (4C) 30% aqueous ethylene glycol in 0.5 M NaCl/25 mM Na
phosphate, pH 6.7. The blood cells were vortexed up into this solution
and the centrifugation was repeated. The 30% ethylene glycol super-
natant was removed using fresh Pasteur pipettes, and found to be of
pH 6.66 for each sample.

2.1. Total plasma [sulfur] for Bodega Bay A. ceratodes

Total sulfur was determined for each of the two Bodega Bay plasma
samples by BaSO, gravimetry, following HNOj; oxidation of all the
endogenous sulfur to sulfate (described immediately below). The two
cleared plasma samples had developed a slight sediment on refrigera-
tion overnight at 4C. As total sulfur was to be determined, each plasma
sample was vortexed to bring the sediment into a uniform suspension.
For each sulfur determination 1.00 mL of vortexed plasma sample was
removed using a Hamilton gas-tight syringe, accurate to + 1%. To each
plasma sample, 1.4 mL of 69.4% HNO; was added (Aldrich 99.999 +
%), bringing the plasma to 40% HNO;. The plasma sample was then
refluxed under a water condenser for 4 h. The boiling solution initially
developed the red color of NO,, but became clear and colorless with
continued reflux.

Upon cooling, the entire volume of each clear solution was trans-
ferred quantitatively into a separate graduated 15 mL conical glass
centrifuge tube containing 6.5 mL of hot 18 MQ water. To each, 1.0 mL
of 1 M Ba(ClO4), solution was added and the solution vortexed into
homogeneity. A cloud of BaSO, immediately developed. A precipitation
blank containing all the reagents except blood plasma produced a clear
colorless solution. After standing for 20 min., the BaSO,4 was pelleted by
centrifugation using a GT-2 MSE bench-top centrifuge. Each pellet was
washed three times by suspension in 18 MQ deionized water followed
by centrifugation. Supernatants were removed using Pasteur pipettes,
taking care to not disturb the pellets. The final pellets were frozen in
liquid nitrogen and lyophilized overnight. Dryness was assured by
heating the BaSO, pellets in a boiling water bath during the last stage of
lyophilization. The dry pellets were weighed using a Sartorius
CPA225D semi-micro balance. Plasma sample 1 produced 7.70 mg of
BaS0O,, and plasma sample 2 yielded 5.94 mg.



Average blood cell [sulfate] for Bodega Bay A. ceratodes: Specimens of
A. ceratodes to be used for the determination of average whole blood
cell sulfate concentration were collected on 19 January 2019, at the
floating docks of the Spud Point Yacht Harbor, Bodega Bay, California
(38.333 N, 123.048 W). The three blood cell samples were collected
immediately upon acquiring the A. ceratodes specimens, using cardiac
puncture and sterile syringes as described above. Recovered blood was
uniformly light green.

Each of three whole blood cell samples for sulfate analysis consisted
of the combined whole blood from three specimens, for a total of nine
specimens. Each of the three samples were collected and combined
within 15 mL sterile graduated plastic conical centrifuge tubes (Corning
430,052; the first cc displays 0.1 cc lineations).

The 15 mL plastic conical graduated centrifuge tubes were cali-
brated in triplicate prior to use, using a milligram-resolution top-
loading balance. The calibration curve was highly linear (True
mL = 0.0208 + 0.979 x (Measured mL); R? = 0.99997), and
yielded + 2% accuracy over the whole volume range (0-10 mL). This
calibration was used to correct all the blood volumes. Read-off preci-
sion was *+ 0.025 mL (0-1 mL) and #= 0.125 mL (1-10 mL). The
corrected total volumes of whole blood were 7.66 #+ 0.13 cc (sample
1), 7.95 = 0.13 cc (sample 2), and 8.83 + 0.13 cc (sample 3).

The whole blood samples for sulfate analysis were immediately
centrifuged at the Spud Point docks (350 xg for 5 min), using a
Damon/IEC Model CL swinging bucket clinical centrifuge. The cleared
plasma supernatant was removed without disturbing the blood cell
pellet, using Pasteur pipettes. Each very cohesive blood cell mass was
washed by careful spin up into 9.5 mL of 0.5 M NaCl buffered to pH 6.7
with 25 mM imidazolium chloride. The buffer also contained 0.01 wt%
NaNj; to inhibit bacterial growth and 2 mM in ascorbate to make the
blood cell environment anoxic. The ascorbate was added to the buffer
solution as the solid just prior to use. The centrifugation was then re-
peated and the supernatant was removed as before. The final corrected
volumes of packed blood cells were: sample 1, 0.23 *= 0.025 mL;
sample 2, 0.32 + 0.025 mL, and; sample 3, 0.32 = 0.025 mlL.
Hematocrit of the centrifuged blood cells was assumed to be 100%.

The pelleted cells were stored overnight in an ice-filled Styrofoam
box left within a 4C refrigerator. All the samples were transported to
Stanford University the next day. There, the three blood cell samples
were acidified with 1 mL of 1 M HClO,4. The blood cell pellets were
mixed into the acid solution by vortexing, producing a light yellow-
green suspension of lysed cells.

Blood cell debris was removed by centrifugation (500 X g, 10 min.)
using a Sorval ST 16R bench-top swinging bucket centrifuge (Thermo
Scientific), yielding a clear brown supernatant. Each of the three su-
pernatant solutions was removed to a 15 mL graduated conical glass
centrifuge tube. The lysed blood cell debris was then washed four times
by vortexing into about 1 mL of 1 M HClO,, followed by centrifugation
(500 x g, 10 min.). The final rinse did not produce a cloud when tested
using 1 M Ba(ClO,),.

For each blood cell sulfate sample, the initial brown supernatant
and all the rinsates were combined in a 15 mL graduated conical glass
centrifuge tube, and centrifuged (1000 xg, 10 min.) to remove any
remaining cell debris. The three cleared supernatants were separately
and quantitatively transferred into a fresh 15 mL graduated conical
glass centrifuge tube. To each, 0.50 mL of 1 M Ba(ClO,4), in dilute
HClO4 was added, producing a BaSO4 cloud. After standing for 30 min,
the solid BaSO,4 was pelleted by centrifugation (1000 X g, 10 min.). The
supernatant was then carefully removed without disturbing the pellet,
using a Pasteur pipette. The pellets were washed by vortexing into 1 mL
of 18 MQ water, followed by centrifugation. The clear colorless su-
pernatants were again removed. The three wet BaSO, pellets were then
frozen using liquid nitrogen and lyophilized to dryness overnight.

All dried BaSO, samples were weighed using a Sartorius CPA225D
semi-micro balance. Recovered BaSO4 was: sample 1, 10.85 mg; sample
2, 10.14 mg, and; sample 3, 16.69 mg. Conversion to originating blood

cell sulfate concentrations (mg BaSO4/MW BaSO,)/(mL cell pellet vo-
lume) yielded 0.20 M, 0.14 M and 0.23 M respectively. These values are
assumed here to approximate the natural range of variability in blood
cell [sulfate].

2.2. Average blood plasma [sulfate] for Bodega Bay A. ceratodes

Three cleared plasma samples were also obtained from the cen-
trifuged whole blood. The plasma pH values were measured im-
mediately on acquisition, using MColorpHast pH 2.0-9.0 papers of 0.5
pH resolution, and were 6.5, 6.0, and 6.0, respectively. The plasma
samples were stored overnight in an ice-filled Styrofoam box left within
a 4C refrigerator. All the samples were transported to Stanford
University the next day.

The three plasma samples were then acidified with 1 mL of 1 M
HCIO,4, producing a slight turbidity. The three plasma samples were
then fully cleared by centrifugation using a Thermo Scientific Sorval ST
16R bench-top swinging bucket centrifuge (500 X g, 10 min). The final
corrected volumes were: sample 1, 7.36 mL; sample 2, 7.07 mL, and;
sample 3, 8.54 mL.

The plasma samples were then assessed for dissolved sulfate by
addition of 1.0 mL of 1 M Ba(ClO,4),. The resulting BaSO, clouds were
pelleted by centrifugation and washed, using the method described
above for the blood cell sulfate analysis. The wet BaSO, pellets were
frozen in liquid nitrogen and lyophilized overnight, and yielded: sample
1, 30.85 mg; sample 2, 29.73 mg, and; sample 3, 34.36 mg of BaSO,,
respectively.

2.3. Hengze solution and blood plasma from Monterey Bay A. ceratodes

Seventeen specimens of A. ceratodes were collected on 29 July 2007
from the floating docks of the yacht harbor at Monterey Bay, California
(36.801 N, 121.947 W) on 29 July 2007. The specimens were smaller
than those later collected at Bodega Bay, California. Blood was removed
on-site using methods described above, and collected in three sterile
plastic screw-cap tubes. These were kept on ice until sulfur K-edge XAS
measurement the next day at Stanford Synchrotron Radiation
Lightsource (SSRL) II beamline 6-2. Blood cells were collected after 10-
min centrifugation of whole blood (1000 X g, 20 min). Residual sulfate
was removed by re-suspending the whole blood cell pellet into a solu-
tion of 30% v/v ethylene glycol and 0.5 M NacCl buffered to pH 6.7 with
25 mM potassium phosphate [58]. The centrifugation step was then
repeated. The blood cell samples were then brought to SSRL II beamline
6-2 for measurement. Fresh Henze solution was prepared at the
beamline immediately before XAS measurement by stirring the washed
blood cells to homogeneity using a thin stainless steel rod.

An independent blood plasma sample was also obtained from the
above 2007 Monterey Bay specimen collection, following centrifuga-
tion of a sample of whole blood (1000 X g, 10 min). This plasma sample
had a measured pH 6.0 (Orion Two-star pH meter).

ICP Spectrometric analysis of lysed blood cells from Monterey Bay A.
ceratodes: A. ceratodes blood cell membranes and other products of
cellular lysis (cf. Table 4 below) were obtained during study of the S86
Monterey Bay collection [61]. The total sulfur and vanadium con-
centrations in these blood cell products were measured using a Bausch
& Lomb 8RL model 3580 Inductively Coupled Plasma (ICP) Emission
Photometer. The cell membranes, a pelletable plasma fraction, and
cleared blood cell lysate were all digested in 70% nitric acid. The lysate
and plasma samples were 10-fold diluted to be within the calibration
range of the ICP spectrometer. Details of the method can be found in
Appendix 1 of the Supplemental information. Appendix Table 1 pro-
vides the concentrations in ppm of the most abundant elements.

2.4. Sulfur K-edge XAS measurements

The two whole blood cell samples and the two corresponding



samples of cleared blood plasma, all from the 3 March 2008 Bodega Bay
collection, were conveyed to the Stanford Synchrotron Radiation
Lightsource immediately following their preparation. Just before mea-
surement, each blood cell mass was layered into an envelope of 5 um
polypropylene, which was then sealed with tape. The cleared blood
plasma samples were measured while held within a rectangular Teflon
spacer cell of 1 mm path length and equipped with 5 um polypropylene
windows. XAS spectra of blood cells and of cleared plasma were mea-
sured at ambient temperature with the sample cell stationed within a
helium-purged sample chamber and set 45° from the beam.

X-ray absorption spectroscopy (XAS) spectra of the blood cell and
the cleared blood plasma samples were measured on SSRL II beamline
6-2 on 6 March 2008, under ring conditions of 3 GeV and 80-100 mA
ring current. The X-ray beam was fully tuned and was energy-resolved
using a Si(111) double-crystal monochromator. The X-ray beam was
collimated using 2 X 10 mm slits positioned just before the sample.
XAS spectra were measured using a nitrogen-filled fluorescence de-
tector (Stern-Heald-Lytle) set 90° from the beam. Six sequential scans
were obtained for blood cell sample 1 and five for sample 2. Three
sequential scans were obtained on each cleared plasma sample.

The sulfur K-edge XAS spectrum of one sample of fresh Henze so-
lution and one of cleared blood plasma from Monterey Bay A. ceratodes
were measured on SSRL II beam line 6-2 on 30 July 2007 under the
ring conditions of 3 GeV and 100 mA ring current. The beam line and
detector configurations were as noted above. Fresh Henze solution was
spread on a piece of sulfur-free Kapton tape and sealed under a layer of
5 um polypropylene film. The cleared plasma sample was held within a
1 mm path length Teflon spacer cell, equipped with windows of 5 pum
polypropylene film. Each final XAS spectrum was the average of three
scans.

Thiosulfate calibration scans were measured before and after col-
lection of each set of XAS spectra. Thiosulfate calibration employed the
maximum of the first intense transition, set to 2472.02 eV.

Raw XAS spectra were baseline-subtracted and normalized using the
program PySpline, as fully described earlier [62,66]. Pyspline
was written by Dr. Adam Tenderholt [67], and is freely available
for download: https://sourceforge.net/projects/pyspline/?source =
recommended.

Fits to XAS spectra: Blood cell sulfur K-edge XAS spectra were fit
using a linear combination of the XAS spectra of sulfur model com-
pounds. Scan-by-scan examination of the blood cell XAS spectra in-
dicated that scans two through five or six had suffered radiation-in-
duced chemistry [68-70]. Likewise, later sulfur XAS spectra of the
cleared samples showed radiation modifications. Therefore, the fits
were carried out exclusively on the XAS spectrum of the first mea-
surement scan, in each case.

Fits to the sulfur K-edge XAS spectra were carried out using the
program DATFIT, which is part of the EXAFSPAK software and avail-
able free of charge on the SSRL website, https://ssrl.slac.stanford.edu/
exafspak.html. EXAFSPAK was written by Prof. Graham George,
University of Saskatchewan. The fit methodology has been previously
described in detail [61,62,66,68,71-73]. Sulfur K-edge XAS spectra of
the models used were also reported previously [61,62,71,72,74].
DATFIT provides a goodness-of-fit presented as the positive root of
\/Zi":l 0 —x)*/(n — v), where “n” is the number of data points, y; is
the ith data point, y; is the ith fitted point and “v” is the number of
degrees of freedom in the fit.

An acceptable fit was required to reproduce not only the target XAS
spectrum but also the second derivative of that spectrum. All first de-
rivatives of the XAS spectra were three-point smoothed, while the
second derivatives were five-point further smoothed. Visual compar-
isons indicated this smoothing did not distort the derivative spectra or
remove defining features.

The complexity of the blood cell and plasma sulfur K-edge XAS
spectra required piece-wise fits, as has been described in detail

previously [62]. The low-valent sulfur portion of the XAS was fit first,
over the energy range 2460-2480 eV. An arbitrary pseudo-Voigt was
included to account for the steep rising K-edge of the higher-valent
sulfur. This pseudo-Voigt was allowed to shift freely in energy position
and intensity. The XAS components of the final 2460-2480 eV fit, ex-
cluding the pseudo-Voigt, were combined into a single XAS spectrum
representing blood cell low-valent sulfur. This combined XAS spectrum
consisted of the XAS spectra of the fitted fractions scaled to sum to
normalized unity. The XAS intensity of the high-valent sulfur was then
reproduced using fits over the full 2460-2490 eV XANES energy region.
In fits over the full energy range, the normalized XAS spectrum of the
combined low-valent sulfur fractions was included among the model
spectra.

Fit uncertainties were calculated as has been described [62,66]. In
short, fractional uncertainty was calculated as the root-mean-square of
the fit estimated standard deviation (e.s.d.) calculated within DATFIT
and the systematic error (SE). Thus the total uncertainty in each fitted
fraction, + Gy = +/(e. 5. d.)?> + (SE)? and + SE = /(1 — TF)?, where
TF is the sum of fitted component fractions. In a perfect fit, TF = 1.00.
The deviation of TF from unity is caused by the combination of all the
systematic error due to imperfectly modeled functional groups [73,75],
errors in baseline subtraction or normalization, intensity errors due to
self-absorption, and calibration offsets.

The uncertainties in blood cell sulfur concentrations were calculated
as the root-sum-square of the * Opcomponensy derived from the total un-
certainty statistic plus the uncertainty due to the spread of the con-
centrations determined from the BaSO, gravimetric analyses described
above. For each component, the = 0,y fit uncertainty statistic was
first converted into the uncertainty in concentration as,
* Ofcomponentt = ( % Oporat/ (fitted fraction)) x [component]. The total
uncertainties in the calculated vacuolar pH or Voltage values were
calculated by varying the derived [component] as * Ofcomponens in the
equilibrium acidity constant equation or in the Nernst equation.

Equilibrium speciations of the aqueous VO?>* complexes were cal-
culated using the program MEDUSA, which was written by Ignasi
Puigdomenech, and is available free of charge at The Royal Institute of
Technology, Stockholm, 2004; https://www.kth.se/che/medusa/
downloads-1.386254.

3. Results

Sulfur K-edge XAS spectra were obtained for two whole blood cell
samples, each of which was taken from two specimens of Ascidia cer-
atodes collected from Bodega Bay, California. The same two whole
blood preparations provided two cleared blood plasma samples from
which sulfur K-edge XAS spectra were also obtained. The sample of
fresh Henze solution and an independent sample of cleared blood
plasma were derived from whole blood taken from A. ceratodes col-
lected from Monterey Bay, California.

Previous studies have shown that blood cells of A. ceratodes col-
lected from Monterey Bay, California, include multifarious forms of
sulfur, ranging in oxidation state from cysteine thiol (S°) through to
sulfate (S°*) [61,62,72,76]. The sulfur K-edge XAS spectra in Fig. 1
demonstrate a rich sulfur presence in the blood cells of A. ceratodes from
Bodega Bay, California, as well.

The features near 2473 eV and 2482.5 eV represent bound state
transitions of low- or high-valent sulfur, respectively. The normalized
intensity at 2475.4 eV, immediately above the low-energy bound-state
transitions, allows a semi-quantitative estimate that about 12% of the
blood cell sulfur in each sample is in a reduced state.

The complexity of the second derivatives of the XAS spectra in the
2470-2476 eV and 2481 eV regions (Fig. 1b inset) are unmistakable
evidence for multiple forms of low- and high-valent sulfur. The unequal
widths of the 2482.5 eV XAS feature, indicates different sulfate en-
vironments. Protonation state (pH), complexation by V(III) (or other
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metals), and any sulfate ester bond all affect the width of the sulfate K-
edge XAS [61,62,76]. The K-edge XAS of V(III) is also sensitive to pH, to
the presence of dissolved [sulfate], and to ligand environment
[63,77-80].

Blood Cell Sulfur: The fractional composition of sulfur functional
groups within the two blood cell samples was investigated in detail by
means of linear combinations of the XAS spectra of sulfur model com-
pounds. This method has been used to assay the sulfur within blood
cells of A. ceratodes from Monterey Bay, California, as well as of sulfur
within archaeologically important wood and other phases
[61,62,71,81-90].

Fig. 2 displays the sulfur K-edge XAS of, whole blood cell sample 1,
along with the fit. Multiple model XAS spectra were required to achieve
a fit that reproduced both the XAS spectrum and its second derivative.
In the low valent sulfur region, the XAS spectra of the cysteine (CySH)/
cystine (CySSCy) couple or of glutathione (GSH)/glutathione disulfide
(GSSG) produced nearly equivalent fits. Although the cysteine couple
produced a slightly better goodness-of-fit, the XAS of the GSH/GSSG
couple produced a superior conformance with the second derivative of
the XAS. The second derivative comparison in Supplemental Fig. S1
indicates the preference for the glutathione couple.

Small second derivative misfits, e.g. near 2472 eV, can indicate a
missing minor component or an incorrect model structure [73]. The

small feature at 2476.5 eV was fit using sulfoxide and cysteine sulfinic
acid models. Supporting information Fig. S2 shows that these small-
fraction models make a visible contribution to the fit.

The fit to the high energy region of the XAS spectrum, representing
absorption features of more highly oxidized sulfur, required significant
contributions from both sulfate and bisulfate, and from a multitude of
sulfate esters. A high fitted fraction of bisulfate ion indicates significant
acidity within ascidian blood cells. The XAS spectra of sulfone or sul-
fonic acid sulfur were excluded by the fit. Additionally, the fit did not
require any contribution from the XAS of a dissolved or solid-phase
[VSO4]" complex ion.

For the second blood cell sample, the fit to low-valent sulfur again
preferred GSH/GSSG over CySH/CySSCy. The GSH/GSSG pair pro-
duced a slightly better goodness-of-fit and a better conforming second
derivative (see Fig. S3 of the Supporting Information). Low-valent
sulfur XAS models very similar to those of sample 1 were also required.
Notable differences included benzothiophene (sample 2) instead of di-
benzothiophene (sample 1), and the need to include an epi-sulfide XAS
model.

The fit to the high-valent sulfur XAS of blood cell sample 2 required
only sulfate, bisulfate, and sulfonate ions, shown in Fig. S4a in the
Supplementary information. This is a much simpler suite of model XAS
spectra than was required for sample 1. None of the four sulfate ester
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Fig. 2. Panel a, the sulfur K-edge XAS spectrum of:
(points), A. ceratodes whole blood cell sample 1; (full
blue line), the fit. Lines are: (dark green dashed),
sulfate ion; (purple dotted), bisulfate ion; (orange
long dash), CH3SO3-V(III) complex; (light brown,
dash-dot),  1,2:5,6-Di-O-isopropylidene-p-mannitol
cyclic 3,4-O-sulfate; (light green, dash, dash, dot,
dot), dimethyl L-tartrate cyclic 2,3-O-sulfate; (pink,
triple dot), methylsulfate ion, (dark brown, small
dot), 1,3-propanediol cyclic sulfate, and; (light blue
short dash), low-valent sulfur. Inset: expansion of the
low-energy region and the fit. Lines are: (light blue,
dash), glutathione; (dark green, short dash), glu-
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tathione disulfide; (brown, dash dot), thianthrene;
(purple, spaced dot), methionine sulfoxide; (orange,
dash dot), cysteine sulfinic acid; (light green, dash
dash dot dot), dibenzothiophene, and; (aqua-blue,
dotted), the pseudo-Voigt used to fit the high-valent
sulfur rising K-edge (see the Materials and methods
section). Panel b, second derivative of: (points), the
sulfur K-edge XAS spectrum of A. ceratodes whole
blood cell sample 1, and; (blue line), of the fit. Inset:

expansion of the pre-edge energy region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



Table 1
Types and fitted fractions of blood cell sulfur.

Table 2
Types and concentrations of blood cell sulfur.

XAS functional group model Blood Cell Sample 1 Blood Cell Sample 2

Fraction + Orotal Fraction * Grotal
Glutathione 0.040 0.001 0.040 0.010
Glutathione disulfide 0.018 0.0004 0.025 0.006
Dialkyl sulfoxide 0.003 6.6e-05 0.002 0.0005
Sulfinic acid 0.002 5.4e-05 0.003 0.001
Thianthrene 0.010 0.0002
Benzothiophene 0.005 0.001
Dibenzothiophene 0.003 6.6e-05
Alkyl epi-sulfide 0.009 0.003
Sulfate ion 0.271 0.021 0.553 0.070
Bisulfate ion 0.238 0.019 0.082 0.0104
[RSO3-V(III)] complex 0.138 0.011
Mannitol cyclic 3,4-O-sulfate”  0.067 0.005
Tartrate cyclic 2,3-O-sulfate® 0.100 0.008
Alkyl sulfate ion 0.054 0.004
1,3-Propanediol cyclic sulfate  0.054 0.004
Dialkyl sulfone 0.028 0.003
Alkyl sulfonate ion 0.243 0.031

@ Total Uncertainty (see the Materials and methods section).
b 1,2:5,6-Di-O-isopropylidene-p-mannitol cyclic 3,4-O-sulfate.
¢ Dimethyl L-tartrate cyclic 2,3-O-sulfate.

XAS spectra required for sample 1 was necessary for blood cell sample
2. The fractional sulfur compositions of the two blood cell samples are
given in Table 1.

3.1. Concentrations of intracellular sulfur

The average sulfate concentration for Bodega Bay A. ceratodes blood
cells was measured using BaSO, gravimetry (see the Materials and
methods section). The derived values are here assumed to reflect the
natural range of variability in blood cell [sulfate] in Bodega Bay A.
ceratodes. The average blood cell [sulfate],,; = 0.19 * 0.05 M, re-
presents the sum of blood cell [sulfate] + [bisulfate]. With this value
for total blood cell [sulfate] the fitted fractional values of sulfur model
functional groups in Table 1 were converted into average internal
concentrations of blood cell sulfur. These values are given in Table 2.

The bar-graph in Fig. 3 allows a visual comparison of the compo-
sitional difference between the two samples. This likely reflects the
arbitrary choice of specimens, indicating that sulfur composition can
vary strongly among proximate A. ceratodes individuals residing in the
same locale.

3.2. Intracellular acidity and Voltage

The fitted fractions of sulfate and bisulfate allowed calculation of
the intracellular pH (Table 2) which were derived using the bisulfate
pK, = 1.92 [91]. Further, the derived intracellular [GSH] and [GSSG]
allowed calculation of the average internal blood cell Voltage using the
Nernst equation (Eq. (1)) [62,92].

Ecen = E6 - M lOg [GSSG]
2 [GSH]? @

The value of —262 mV was used for the Ey’ of the GSH/GSSG couple
[93]. It is assumed here that blood cell glutathione is compartmenta-
lized in the pH-neutral cytosol, rather than in the acidic vacuole [62].
This assumption is rationalized in terms of the likely biological chem-
istry of ascidian vanadium uptake and reduction (see the Discussion
section). The Nernst calculation yielded blood cell cytosolic Vol-
tage = —0.220 = 0.003 V for sample 1 and for sample 2 Vol-
tage = —0.212 = 0.004 V. The low uncertainties in both the pH and
the Voltage values include the uncertainty in blood GSH/GSSG con-
centrations imposed by the three blood cell [sulfate] determinations.

XAS functional group Blood cell sample 1 Blood cell sample 2

Concentration +¢"  Concentration + 0"
(mM) (mM)

Glutathione 15.8 0.4 12 3
Glutathione disulfide 6.7 0.2 7 2
Dialkyl sulfoxide 1.0 0.02 0.6 0.2
Sulfinic acid (pH 1) 1.0 0.02 0.9 0.2
Thianthrene 3.6 0.1 nd
Benzothiophene nd" 1.5 0.4
Dibenzothiophene 1.0 0.02 nd
Alkyl epi-sulfide nd 2.7 0.8
Sulfate 101 8 165 21
Bisulfate 89 4 24 3
RSO3-V(III) complex 51 4 nd
Mannitol cyclic 3,4-O- 25 3 nd

sulfate®
Tartrate cyclic 2,3-O- 37 3 nd

sulfate’
Alkyl sulfate 20 2 nd
1,3-Propanediol cyclic 20 2 nd

sulfate
Dialkyl sulfone nd 8 1
Alkyl sulfonate nd 73 9
Total 373 9 296 73
pH 1.97 0.06 2.8 0.1
Blood cell Voltage (V) —-0.220 0.003 —-0.212 0.004

fto= \/(ﬁt uncertainty)? + ([sulfate] concentration spread)? + (volume uncertainty)?.
b «nd” is not detected.

¢ 1,2:5,6-Di-O-isopropylidene-p-mannitol cyclic 3,4-O-sulfate.

4 Dimethyl L-tartrate cyclic 2,3-O-sulfate.
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Fig. 3. Bar-graph of the functional groups of sulfur (> 1%) within the Bodega
Bay A. ceratodes blood cells: (black), sample 1; (blue, cross-hateched), sample 2.
The component models are, left-to-right: glutathione; glutathione disulfide;
sulfate ion; bisulfate ion; V(III)-tris-alkylsulfonate; 1,2:5,6-Di-O-isopropylidene-
p-mannitol cyclic 3,4-O-sulfate; dimethyl L-tartrate cyclic 2,3-O-sulfate; me-
thylsulfate; 1,3-propylene cyclic sulfate; dialkylsulfone; alkylsulfionate. The
whiskers are + 1o of the total uncertainty (Table 1). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Vacuolar pH is indifferent to absolute sulfate/bisulfate concentrations.
The log relationship in the Nernst equation makes cytosolic Voltage
relatively insensitive to modest co-variations in [GSH] and [GSSG]. The
pH and Voltage values can thus be taken as reliable indicators of the
internal blood cell environment.

Cleared Blood Plasma: The fractions of sulfur within the two cleared
blood plasma samples were likewise investigated using model based fits
to the sulfur K-edge XAS. In Fig. 4 the sulfur K-edge XAS of the cleared
plasma sample 1 and the fit to the XAS are strongly dominated by
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Fig. 4. Panel a: sulfur K-edge XAS spectrum of:
] (points), cleared blood plasma sample 1; (blue line),
the fit; (dashed green line), sulfate ion; (dashed red
line), low-valent sulfur. The sulfate XAS is nearly
coincident with the fit. Inset: Expansion of the low
energy region showing the fit to the XAS of low-va-
lent sulfur. The lines are: (dark green, short dash),
CySSCy; (blue, long dash), CySH; (purple, spaced
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dot), sulfoxide; (orange, long and short dash), epi-
sulfide; (olive, dash dot), benzothiophene; (pink,
triple dash), bisulfite ion; (light green, dash dash dot
dot), sulfite ion; (brown, doted), sulfone, and; (aqua
blue, short dash long dash), the pseudo-Voigt fitting
the high-valent rising edge (see the Materials and
methods section). Panel b: Second derivative of:
(points), the sulfur K-edge XAS spectrum; (blue solid
line), the fit. Inset: Expanded low energy region.
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sulfate.

The expanded low-valent plasma sulfur energy region (Fig. 4, inset),
shows a very different intensity profile than that observed with blood
cell sulfur. The 2476 eV shoulder is consistent with a sulfoxide group,
which is not present in the blood cell XAS. Plasma sulfur is thus ap-
parently regulated independently of blood cell sulfur. The same con-
clusion derives from the unique shape of the second derivative XAS of
the low-valent sulfur energy region (Fig. 4, inset), relative to blood cell
sulfur. The normalized intensity at 2475.4 eV implies that about 8% of
the plasma sulfur is in a reduced state.

The XAS spectrum of neutral sulfate ion alone fully reproduced the
2482.3 eV main plasma rising edge feature. This finding is consistent
with the measured plasma pH 6.86. The fits rejected the XAS of bi-
sulfate and all tested sulfate esters. Disulfide intensity dominated the
low-valent energy region. Here, the CySH/CySSCy XAS couple provided
the slightly better fit than that of GSH/GSSG. The choice of couple is
significant because they have significantly different XAS intensities.
Using the XAS of GSH in a fit resulted 38% more thiol than using CySH,
even though the fractions of GSSG and CySSCy were identical within
uncertainty.

The fit to the sulfur K-edge XAS of the second plasma sample is
shown in Fig. S5 in the Supplementary information. The array of low
valent sulfur was different from that of plasma sample 1, despite the
similarity of the shapes of the XAS spectra and their second derivatives.
Notably missing was the need to include cysteine in the fit. Sulfone and
sulfite fractions were also unneeded. However, both benzothiophene
and epi-sulfide again made an appearance. Table 3 provides the fitted
component fractions for the two plasma samples.

3.3. Plasma [sulfate]

Plasma sample 1 included 33 mM sulfur, while plasma sample 2 had
25.5 mM, each determined using BaSO,4 gravimetry (see the Materials
and methods section). These values were used to convert the plasma
sulfur fractions into concentrations.

The three Bodega Bay blood cell samples used to determine the
average [sulfate], also provided three independent samples of cleared
plasma (see the Materials and methods section). These plasma samples
were likewise assayed for [sulfate] using BaSO, gravimetry. This
yielded sample 1, 17.5 * 0.3 mM; sample 2, 17.6 * 0.3 mM, and;
sample 3, 169 * 0.3 mM. Thus the average plasma [sulfa-
tejavg = 17.1 £ 0.4 mM, where the + 0.4 mM reflects organismal
variability. The independent uncertainty due to the limits of volume
precision is + 0.35 mM. These plasma [sulfate] levels average about
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57% and 69% the [sulfate] within whole blood cell plasma samples one
and two, respectively.

3.4. Analysis of Henze solution

When ascidian blood cells lyse, they produce a complex mixture of V
(I1D), sulfuric acid, membrane fragments, secondary metabolites, and
precipitated glassy micro-crystallites, termed Henze solution; named
after Martin Henze who first described its properties in 1911
[21-23,44,45].

ICP spectrometric analysis was used to determine the distribution of
vanadium and sulfur among Henze solution blood cell fractions (see the
Materials and methods section). A previous work reported on Monterey
Bay A. ceratodes Henze solution that was separated into washed blood
cell membranes, a pelletable fraction, cleared lysate, and cleared blood
plasma [61]. These blood cell products were analyzed for total vana-
dium and total sulfur, using ICP analysis. The ICP analysis of total sulfur
was augmented by gravimetric determination of soluble sulfate from
the cleared lysate portion of the same Henze sample. However, the ICP
elemental analyses were not reported in that work. Here, the ICP results
appear in Table 4, and show that some of the released sulfur and va-
nadium remained with the cell fragments.

Nearly half the vanadium accompanied the pelleted membrane
fraction. Association of metals with the membranes of lysed ascidian
blood cells was observed by others [94]. Ultrastructural micro-analysis
of dehydrated fixed blood cells revealed vanadium associated with
membranes and granules. However, it seems unlikely that half the va-
nadium is attached to the blood cell membranes in vivo. The strong
Lewis acidity of V(III) and VO?* mean that blood cell lysates can reveal
nothing of in vivo organization. Following their ground-breaking work
on ascidian blood cell V(III), Boeri and Ehrenberg finished with the
same caution [41]. The adherence of vanadium with bio-organic ma-
terials from lysed cells, then, is an indicator of the sort of associational
artifact that can lay in wait for the incautious researcher.

The XAS spectra of fresh Henze solution and blood plasma from A.
ceratodes collected at Monterey Bay are shown in Figs. S6 and S7 in the
Supplementary information, along with their sulfur functional group
fits. The fitted fractions are given in Supplementary information Tables
S1 and S2, respectively. Table 5 provides a comparison of the major
fractional sulfur components of all the Monterey samples collected and
analyzed across 20-years. These can be compared with the Bodega Bay
fractional compositions in Tables 1 and 3.

Fig. 5 compares the sulfur K-edge XAS and second derivative spectra
of the whole blood cells of Bodega Bay sample 1 with a whole blood cell



Table 3
Sulfur in Bodega Bay A. ceratodes blood plasma.

Component Plasma sample 1 Plasma sample 2

Fraction * Orotal [S] (mM)™¢ Fraction * Orotal [S] (mM)>©
CySH 0.0127 0.0004 0.42 nd? nd nd
CySSCy 0.0452 0.004 1.49 0.022 0.002 0.57
Sulfoxide 0.0087 0.0002 0.29 0.0056 0.0005 0.14
Benzothiophene 0.0034 0.0001 0.11 0.0025 0.0009 0.06
Epi-Sulfide 0.0027 0.0001 0.09 0.0050 0.0015 0.13
Sulfite (pH 4) 0.0039 0.0001 0.13 0.00194 0.0007 0.05
Sulfite (pH 9) 0.0013 0.0001 0.04 nd nd nd
sulfone 0.0093 0.0001 0.31 nd nd nd
Sulfate 0.913 0.162 30.1 0.963 0.134 24.5
Meas. pH 6.86 6.97
Plasma Voltage (V)° -0.22

@ Total fit uncertainty. See the Materials and methods section.
> Gravimetric BaSO, uncertainty is = 1%.

¢ = mM=[S] X /(£0m/Fraction)? + (0.01)2.

4 “nd” is not detected.

¢ E”= — 0.245C for the CySH/CySSCy couple [93].

Table 4
Vanadium and Sulfur in A. ceratodes Blood Products by ICP*",

Blood product V (10~° mol) Sample % V S (1075 mol) Sample %S
Membranes 3.99 47.1 8.23 39.2

Pellet 0.115 1.4 0.319 1.5
Cleared lysate 4.37 51.6 12.4 59.0
Cleared plasma 0.0144/mL - 2.02/mL -

# 0.85 mL of packed cells. Lysis was carried out in 6 mL of anaerobic pH 2
HCL
b ICP results are here converted into moles.

sample and fresh Henze solution from A. ceratodes collected at Mon-
terey Bay, California, as previously reported [62]. The XAS spectra of
the Bodega Bay and the Monterey Bay blood cell samples are disparate
throughout the entire energy range (compare also Fig. 3). The broad
and rectangular shape of the low-valent sulfur features was present in
the XAS of three blood cell samples from Monterey Bay A. ceratodes,
collected across 18 months [62]. The same intensity profile of the low-
valent sulfur XAS region of the Henze solution XAS and a common
second derivative XAS feature at 2481 eV (Fig. 5b) indicate a Monterey
Bay familial consistency. In contrast a more triangular-shaped feature

Table 5
Fitted major sulfur fractions in Monterey Bay A. ceratodes blood products.

appears characteristic of the blood cell sulfur XAS of Bodega Bay A.
ceratodes.

In Table 5, the cysteine/glutathione and cystine/(glutathione dis-
ulfide) fractions are ambiguated because the difference in goodness-of-
fit between these choices was small. This puts empirical uncertainty in
the choice of fitting model. At the level of the second derivative, a
defensible choice between CySH/CySSCy and GSH/GSSG was only
sometimes possible for blood cells. Nevertheless, the principle import of
intracellular thiol/disulfide is in their evidence for a redox couple
capable of the biological reduction of V(V,IV) to 7-coordinate V(III)
[58-60].

3.5. A sulfonate-vanadium association

Finally, an emergent relationship involving blood cell sulfonate and
V(III) was noted. Blood cell sample 1 included 14% of its sulfur within a
component modeled with a CH3SO5-V(III) associational complex.
However, this feature was absent from the XAS of blood cell sample 2.
On the other hand, the fit to blood cell sample 2 included the XAS of
methanesulfate ion alone, which in turn was absent from the fit to
blood cell sample 1 (cf. Table 1). Table 4 shows that two of the three
blood cell samples representing Monterey Bay A. ceratodes also required

Component Cells (mM S) Henze (%) Plasma (%)

1985 1986 19877 2007 1985 2007
CySH/GSH 21 27 11 3 - 2
CySSCy/GSSG 26 89 23 4 2 10
Low-valent S 5 136 4 6 - 13
RSO3 ¢ nd” 95 nd 15 nd 4
[RSO3-V(ID] 15 nd 68 29 - -
Total Sulfate 110 150 (130)° 39 84 72
Sulfate Esters 22 184 245 2 14 nd"
pH 0.85 + 0.04° 1.4 = 0.01° 3.1 = 0.3° 2.7 = 0.1° Neutral 6.0
Cytosolic emf (V) —-0.20 -0.19 -0.19

Fractional uncertainties are left out for clarity. For fits to the XAS of year 2007 samples, see Tables S1 and S2 in the Supporting information. See reference [62] for the

uncertainties in the 1985, 1987 fractions.
2 Year of collection.
“nd” is not detected.
“RSO3~” is alkyl sulfonate.
Estimated.
Deduced from the fitted sulfate/bisulfate ratio.
Unmeasured, but the XAS fit is consistent with a neutral pH.

a e o

- 0
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Internal Blood Cell pH

Fig. 6. A plot of pH vs fraction of CH3SO3-V(III) required by a fit. The points
represent blood cell samples from A. ceratodes from Monterey Bay, California (3
independent samples), and from Bodega Bay California (two samples). The line
is an arbitrary second order polynomial (fit > = 0.9996), which is consistent
across the four points. The presence of the complex evidently goes to zero at
about cytosolic pH > 2.8.

the CH3SO3-V(III) sulfur XAS model in the fit [62]. The previous dis-
cussion of the Monterey samples noted that the [CH3SO3-V(III)] model
was required only for the Monterey ascidian blood cells within which
the calculated pH < 1.5. Fig. 6 shows a persistent relationship be-
tween pH and CH3SO5-V(III) across all the A. ceratodes blood cells.
The sulfur XAS of the [CH3SO3-V(III)] solution model is broadened
due both to sulfonate-V(III) ligation and self-absorption [61]. These
properties are characteristic of a condensed regime. The blood cell
samples that required a [CH3SO53-V(III)] component to the fit uniformly
excluded the narrower XAS of the free dissolved CH3SO5;~ ion. Alter-
natively, those fits that required the XAS of the CH3SO3; ™~ free ion ex-
cluded the broader XAS of the CH3SO5-V(III) solution complex. Fresh
Henze solution proved to be the exception however. The fit to this
sample required the XAS spectra of both the methanesulfonate model
and the CH3SO5-V(III) model (see Fig. S6 and Table S1 of the Sup-
porting information). The pH of Henze solution was 2.7 = 0.1, cal-
culated from the sulfate/bisulfate ratio, i.e., perhaps just below the pH

Bodega Bay and Monterey Bay. This includes mono- and dibenzothio-
phene, thianthrene, epi-sulfide and sulfate esters. However, the absence
of sulfate esters from Bodega Bay blood cell sample 2 is unique among
the five sets of A. ceratodes blood cell samples thus far examined.

The total [sulfate] equilibrium concentration is nearly the same in
both samples (0.19 + 0.05 M). However, sulfate esters were found
only in blood cell sample 1. Both total [sulfate] and the distribution of
sulfate esters varied among blood cell samples of A. ceratodes from
Monterey Bay [62]. Blood cell vanadium is variable at all organismal
levels [95]. Thus, sample-level variations likely reflect arbitrarily
chosen A. ceratodes specimens. A different combination of individual
specimens might have put sulfate esters in both samples. Nevertheless,
however fortuitous, the results indicate that sulfate esters, like [sulfate]
and vanadium, are variably present within blood cells.

4.1. The possible significance of intracellular sulfonic acid

The dependence of the appearance of the [CH3SO5-V(III)] fit com-
ponent on intracellular pH also has relevance in this context. It was
previously suggested that this component reflected the vanadium-con-
taining granule found in vanadium K-edge micro-XAS of single blood
cells from Ascidia sydneiensis samea [62,96,97]. If this were the case, the
granule would include a V(III)-alkyl sulfonate complex in some con-
densed form. In all the blood cell sulfur K-edge fits thus far, the pre-
sence of the [CH3SO3-V(III)] component in the fits has alternated with
that of the free CH3SO3 ™ ion. One or the other is present, but thus far
never both together.



The only exception is in the fit to the sulfur K-edge XAS of fresh
Henze solution (see Table S1 and Fig. S6 in the Supporting informa-
tion). Here the free ion represented about 15% of sulfur and the
[CH3SO3-V(III)] complex about 30%. It is suggested that the production
of Henze solution mobilized free sulfonate from the complex. It seems
possible that disruption of the blood cell exposed any granule present to
Henze acidity. If this is the case, then the V(III) would thereby be re-
leased into the medium. The present and previous sulfur K-edge fits to
room-temperature preparations of A. ceratodes blood cells have found
no evidence of a V(III)-sulfate interaction. The present fits to the fresh
Henze solution also found no trace of a V(III)-sulfate interaction.
However, evidence of a direct V(III)-sulfate complex was found in the
vanadium K-edge XAS of frozen whole blood cells from A. ceratodes (but
not P. nigra) [55,56,78,98]. The most likely explanation for the non-
appearance of a [VSO4]™ complex ion in the Henze solution is that
released V(III) was scavenged by the proteins, membranes, and other
fragments produced by cell lysis (cf. Table 5).

The concept unifying all known relevant data is that blood cell V(III)
and dissolved sulfate can interact within whole blood cells only when
the vanadium is biologically mobilized. Mobilization of V(III) might
occur when cells are activated by an immune challenge, but prior to any
cell lysis into a Henze solution state. The vanadium-rich granule found
using vanadium K-edge micro-XANES might be seen in that context as a
cellular storage site for this mobile V(III). There is a structural con-
straint on any intracellular V(III) storage regime, however, which is
that vanadium K-edge EXAFS analysis found no evidence of an oxo-
bridged V(III) complex in whole blood cells [37,55].

The intracellular reductive environment: In both the Monterey Bay and
Bodega Bay, A. ceratodes, blood cell low-valent sulfur is dominated by
thiol/disulfide. In all collections of A. ceratodes blood cells thus far
examined using sulfur K-edge XAS, the intracellular thiol/disulfide
concentrations have implied a cytosolic Voltage of about —0.21 V. The
ability of cysteine to effect biological reductions has been of explicit
research interest since at least the work of Michaelis and Flexner [99].
However, L-cysteine was experimentally found unable to reduce V(IV)
until Kanamori, et al., discovered the reduction could be achieved when
a seven-coordinate V(III) product was available [60]. This result was
anticipated by the report of electronic stability conferred upon V(III) by
seven-coordination [100].

It was later found that seven-coordination lowered the 3d-orbital
energy of V(III) by about 0.5 eV [59]. This is equivalent to a 500 mV
increase in the electromotive force driving the V(IV) — V(III) reduction,
corresponding to a reduction AAG = —48 kJ mol~'. This 0.5 eV in
extra stability is the likely source of the 108-fold larger stability con-
stant of seven-coordinate (N,Os) [V(III)(edta)(H,O)] over six-co-
ordinate (N,O4) [V(II)tmdta] [59,100]. The reduction of V(V) or V(IV)
to 7-coordinate V(III) is now known to be also achievable by ascorbate
[58]. However, despite the similarity of redox potential with cysteine
and glutathione and despite the availability of a 7-coordinate V(III)
product, NADPH does not reduce V(V) to V(III) at neutral pH in the
presence of EDTA [101,102]. This distinction implies that electron
transfer proceeds through an inner-sphere metal-reductant complex.
Thiol or ascorbate can achieve an inner-sphere complex with V(V) or V
(IV), but NADPH cannot [103].

The reductive thiol/disulfide couples, which are thus far invariably
present in A. ceratodes blood cells, accordingly find their metabolic
significance in the biological conversion of [VO4]3 ~ to V(III). A testable
hypothesis stemming from this finding includes that all Phlebobranch
ascidians that produce V(III) will have blood cells rich in thiol/dis-
ulfide. These blood cells will provide the locus of biological [VO413~
reduction. Further, the biological reductive mechanism to will proceed
through a seven-coordinate enzymatic V(III) intermediate. Finally, the
enzymatic active site for vanadium reduction will resemble the detected
EDTA-like ligation environment and will gracefully accommodate the
very different geometric and ligation needs of V(V), V(IV), and V(III).

Following from these ideas, a complete enzymatic mechanism is

proposed below for the biological reduction of [VO,I3~ to V(I by
ascidians. This mechanism utilizes the now-known ascidian thiol/dis-
ulfide redox buffer and explicitly incorporates the reductive advantage
of 7-coordinate V(III). However, a clarification of vanadium biochem-
istry as regards ascidians is necessary prior to presentation of this me-
chanism.

Thus ca. 20 kD proteins, the vanabins, have been isolated from as-
cidian blood cells. Vanabins bind 10-20 V(IV) ions and have also been
assigned a role in the biological reduction of V(V)-V(III) [104-108].
Although the cysteine-thiol residues of vanabin2 reduce V(V) to V(IV),
further reduction to V(III) is not achieved by this or any other vanabin
[108,109]. Cessation of reduction at V(IV) indicates the inability of the
vanabins to provide the 7-coordinate site necessary to the biological
production of V(III) [59,60,110]. The relevance of the vanabins to the
reductive process is evaluated below in terms of known V(IV)-protein
biochemistry and the reported V(IV)-vanabin chemistry. The alter-
native hypothesis for the vanadium redox biochemistry of ascidians is
then described.

4.2. The biochemistry of V(IIL,IV)-protein interactions

It is well-established from prior work that biochemically interesting
V(III) and V(IV) (as VO2™) complexes can form opportunistically with
foreign proteins and biomolecules [111-125]. At pH 4, human serum
albumin (HSA) enters an extended form that has lost its native fold
[126]. At this pH, VO** binds to an isolated HSA carboxylate with
Keq = 1.4 + 0.4 x 10° M. With chelating ATP at pH 6.9, VO**
exhibits a stronger Keq = 6 * 4 x 10° M~ [127]. At least fourteen
foreign proteins are known to form complexes with V(III) or V02", and
to exhibit metal binding constants that can range from 10° to 10”7 M~ *
[118,120,123,125,128]. None of these vanadium-protein complexes
has any known native metabolic significance.

Fig. 7 shows the previously published complexation behavior of
dissolved VO2* ion with bovine serum albumin (BSA) [116]. Chasteen
and Francavilla showed that BSA presented six separate binding sites
for VO?* ion. These included one relatively strong  site,
K; = 2.6 = 0.3 x 10° M~ !, while the other five sites were weaker
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Fig. 7. (points), Vo2~ binding isotherm with bovine serum albumin
(5 x 1074 M, pH 5.0) [116]; (blue full line), the fit using combined positive
and negative cooperative models. Calculated from the model: (red dashed line),
the negative cooperative binding curve (Kneg = 4 = 1 x 10° M**), or; (green
dotted line), the positive cooperative binding curve (K, = 1.4 =*
0.4 x 10* M>7). Inset: Scatchard formalism: (points), the binding data, and;
(blue full line), calculated from the cooperative model. See Fig. 6 in reference
[116]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



with average K, = 2.5 = 0.1 x 10* M~ . The related human serum
albumin (HSA) also manifested one strong and about five weak binding
sites for VO?*, although the binding constants appeared to vary
somewhat with the experimental method [119,120]. All these protein
sites emerged in the absence of any apparent evolutionary gradient
toward vanadium binding. There is no known biological role for any of
them.

In Fig. 7, the VO*>* plus BSA binding isotherm from Chasteen and
Francavilla has been fit with a duplex of cooperative models. Attempts
to fit the full titration data with non-cooperative equilibrium binding
models failed. In the successful fit, one set of sites exhibited positive
cooperativity, with Kpos = 1.4 £ 0.4 X 10* M?7. The other set ex-
hibited negative cooperativity, with Kneg = 4 = 1 x 10> M%*. The Hill
coefficient for positive cooperativity (Hill n = 2.7) indicated there must
be at least three sites in this set [129,130]. Likewise, there must be at
least two binding sites for the appearance of negative cooperativity
(Hill n = 0.4). Thus, these results require at least five VO** binding
sites on BSA, and are also consistent with the previously derived six site
model [116].

The two different modes of cooperative binding behavior in a single
foreign protein, BSA, and the very interesting curves that result, would
provoke directed attention were BSA part of a biological system that
controlled metabolic vanadium. However, this is not known to be the
case. There is no known evolutionary gradient behind these otherwise
deterministic and very interesting modes of VO*>* binding.

When appraising a vanado-biological system, therefore, the asso-
ciation of vanadium with a candidate biological reactant is necessary
but not sufficient to a conclusion of metabolic significance. Propagation
of vanadium into and through the requisite metabolic system must also
be demonstrated. The complex interaction of VO** with BSA and the
extensive body of known adventitious VO*>* — protein complexations
provide a strong caution against hasty conclusions about greater
meaning. A clear outcome of all known studies is that VO2* or V(II)
will form coherent complexes with virtually any biological ligand mo-
lecule or protein with an open Lewis base site. The only necessity for
opportunistic complex formation is one or more open biomolecule li-
gation sites.

The association of VO?* with the vanabin proteins should be
evaluated in this context. Vanabins are a set of small (ca. 16 kD) dis-
ulfide-rich proteins isolated from vanadium-sequestering Phlebobranch
ascidians [106,131]. These proteins bind about 10-20 VOZ27 jons when
titrated with VO?* in the presence of equimolar iminodiacetic acid
(IDA) at pH 7.4 [104]. The average equilibrium dissociation constant
was reported to be about 2.2 x 107> M, similar to the weaker sites
found on BSA (Kypissy = 4 X 10~° M, noted above). Neglecting hy-
drolysis, a first-order analytical approach to an experimental solution of
protein, VO?* and equimolar IDA is represented by reactions 1-4:

VO + (IDA)*~ = [VO(ida)] €h)
VO + 2(IDA)*~ = [VO(ida),]*~ 2
P + [VO(ida)] = PVO + (ida)*~ 3)
P + VO** = PVO 4

Following from the published reports [104,105,132], eqns. 3 and 4
are taken to dominate the reactions of VO?>* with any protein, “P”,
where “PVO” is the protein-VO?* complex. It is also assumed that [VO
(ida),]*>~ from reaction 2 does not enter VO>*-protein chemistry.
Protein “P” is further assumed to quench the VO®* charge on binding.

Water ligands have been left unspecified. The relevant reactions are
[VO(ida)] [PVOl[IDA]

governed by association constants: K; = [VOTH AT’ K; = PIVOida)]’ and;
_ [PVO]
MG,

The association constants governing the complexation chemistry of
V02" and IDA%™ in water solution (rx. 1 and 2, above) are
K; = 69 x 105 M™! and K, = 2.1 x 10" M~2 [133]. Aqueous

equimolar VO?* and IDA will be dominated by the [VO(ida)] and [VO
(ida),]'* complexes (see Fig. 11a in the Supplementary information). In
this case, reaction 3 represents the chemistry dominating the associa-
tion of vanabin with VO2* in the presence of IDA [105,132]. The K3
equilibrium constant is dimensionless. However, the vanabin-VO dis-
sociation constants are reported as ~2.2 X 107> M, i.e., in the units of
M that imply control by reaction 4 rather than by reaction 3 [104,105].
Isolating the [VO(ida)] term and combining K; and K3 yields the ex-
pression governing association reaction 4, K4 = [PJ[}[J“//SZ] 0= K K;. This is
the expression for reaction 4 as inferred from the reported units of M,
but now expressed in terms of reactions 1 and 3 [104-106,132].

In the following analysis, the value for K, is here assumed to be the
inverse of the reported vanabin®VO®* dissociation constant, noted
above. Thus, association K4, = 4.5 x 10* M~'. This quantity allows
prediction of the association constant for reaction 3:

_ Kq _ 45x10*M1 -5 s i

3= = Toxiofn=T =05 X 107" An association equilibrium con-
stant for reaction 3 of 6.5 x 107> implies that the vanabins could not
achieve any observable association with VO?* in competition with
equimolar IDA ligand (see Fig. S11b in the Supplementary informa-
tion). Nevertheless, VO** binding to the vanabins is indeed observed to
occur under those conditions [104,105,134]. Therefore, it seems much
more likely that the reported vanabin dissociation constant instead
represents reaction 5:

[vanabin-VO(ida)] = [VO(ida)] + vanabin 5)

In rx. 5, vanabin*VO(ida) represents a weak association of vanabin
with the [VO(ida)] complex. In this case, the reported dissociation
constant is for the vanabin*VO(ida) complex, and dissociation
Ks = 2.2 x 10~° M. This Ks is consistent with a protein site that
presents a single ligand for metal linkage, as discussed above.

The [VO(ida)] complex itself always retains at least one equatorial
position available for an additional ligand. In aqueous solution of
pH < 5, a water molecule is the default fourth equatorial ligand,
producing [VO(ida)H,O]. In solution, [VO(ida)] is known to equilibrate
between at least two structural isomers, involving transition between
an equatorial and an axial nitrogen ligand [135]. Thus, were [VO(ida)]
to engage a nitrogenous vanabin site, the complex could accommodate
a new bidentate protein ligand by rearranging to the axial nitrogen
isomer. The vanabin site would then provide the unique equatorial
nitrogen detected using ESEEM spectrometry [132]. These considera-
tions are consistent with all known data.

In a direct chemical analogy, the VO®>* complex [VO(mhcpe)]
(mhcpe = 2-methyl-3H-5-hydroxy-6-carboxy-4-pyrimidinone ethyl
ester) is known to bind at pH 7.4 to human transferrin (hTF) and human
serum albumin as the ternary complex, most likely through a VO**-
protein interaction [124]. Under the same pH 7.4 conditions, neither
mhcepe alone nor hydrolytic V(IV) bonded to hTF. Several other [VO
(chelate),] complexes are known to rearrange to produce an open
equatorial coordination locus on the VO?* center when encountering a
foreign protein [136-139]. These bonded associations form without
loss of the chelating ligands.

The known affinity of VO®* for foreign proteins is suggestive that
similar associations can be expected when any protein is exposed to
[VO(ida)] in solution. In this light, the vanabin-VO?™ associations are
indistinguishable from the expected adventitious binding of [VO(ida)]
and other VO(tridentate)"* complexes to any arbitrary foreign protein.
The 10~ °-107° M dissociation constants reported for native and mu-
tant vanabins on reaction with hydrous polymeric VO(OH), at pH 7.5 in
the absence of IDA are also consistent with the strength of an ad-
ventitious protein binding site [107]. It seems very unlikely, therefore,
that the VO(ida)-vanabin systems have revealed anything of the vana-
dium biochemistry in the ascidians. The same conclusion pertains to all
other known vanabin-VO®* associations.



4.3. A complete hypothesis for the biological reduction of [VO,]*~

Recent work has found that symbiotic bacteria in the branchial net
and in the gut may facilitate vanadium uptake in ascidians [140,141].
Confirmation of this very interesting possibility would solve the long-
standing problem of a specific mechanism for metal absorption [142],
following discovery of the branchial sac as the locus of vanadium and
iron uptake [143]. As vanadium is apparently associated with Cam-
brian-era ascidians, any bacterial symbiosis in vanadium uptake must
be of the earliest standing [18]. Nevertheless, bacterially-facilitated
uptake does not solve the problem of vanadium transport to blood cells.
The dioxygen-sensitivity of V(III) even at low pH would seem to obviate
the biologically complete reduction of V(V) anywhere except at the
blood cell locus [65,144].

It was previously shown that when living A. ceratodes blood cells
were incubated with dithiothreitol (DTT), a new intracellular V(III)
complex appeared with a structure similar to that of seven-coordinate
[V(edta)(H,0)]~ [58]. Incubation of these blood cells with DDT and
VO?* together, induced a new cytosolic VO** complex similar in
structure to [VO(edta)]?>~. Direct chemical experiments have shown
that cysteine methyl ester and ascorbate, but not NADPH, can reduce
[VO(edta)]?~ directly to [V(edta)(H>O)]~ [58,60,101]. The reduction
is achieved because of the 0.5 eV excess stability of a CN7 V(III) product
over its CN6 homologue, and is facilitated by an inner-sphere electron
transfer [59]. Vanadium K-edge analysis also found that 8% of the
vanadium in whole blood cells from P. nigra is V(III) in a site similar to
seven-coordinate [V(edta)(H,O)]~, along with 37% as [V(H30)6]®"
and 38% of the V(III) in a catecholate-like chelate [78].

These findings led to the hypothesis of an ascidian vanadium re-
ductase that would bind [VO4]°~ in an edta-like active site and pro-
mote reduction in two one-electron steps to seven-coordinate V(III).
The reduction of [VO,4]®>~ to V(III) was proposed to occur without any
large-scale enzyme active site rearrangements. Cytosolic thiol was
proposed as the enzymatic reductant, which both takes advantage of
the extra 500 mV driving force conferred by a seven-coordinate V(III)
product and allows an inner sphere complex as a structural inter-
mediate. Here we extend these ideas to a complete hypothesis for the
reduction of [VO,4]®~ to V(III) in ascidian blood cells.

The extended hypothesis includes the idea that, e.g., in A. ceratodes
or P. nigra, the aqua V(III) is found predominantly within the vacuole of
the signet ring cells. In both organisms, the signet ring cell vacuolar
medium is acidic. The acid counter ion is sulfate in A. ceratodes, but is
apparently chloride in P. nigra. [56] Vanadium is taken up and trans-
ported through the neutral cytosol most likely as [VO413™ [145,146].
This is biochemically preferable because near pH 7, both V(IV) and V
(III) are air sensitive and V(III) is strongly reducing. Both V(III) and V
(IV) are subject to extensive hydrolysis above pH 4. Therefore, reduc-
tion to V(III) must occur in an acidic cellular region where all these
impediments are absent. The acidic vacuole has previously been pro-
posed as the site of reduction [108]. However, the highly acidic vacuole
(pH = 0-3) seems an unlikely regime for reductase activity, and the
redox potential of, e.g., glutathione, increases from —240 mV at pH 7
to +50 mV at pH 2. In this respect, cysteine methyl ester plus EDTA
described above does not reduce V(IV) to V(III) in acidic solution [60].

A solution that concurrently solves the problem of a need for acid to
stabilize V(III) but a need for neutrality for the reductase, is to envision
the enzymatic reductase bound within the signet ring cell membrane.
The V(IV) reduction to V(III) can then occur near neutral pH, while the
reductase may also access the interior border between the cytosol and
the acidic vacuolar interior. That scheme is presented in Fig. 8 along
with the hypothetical reduction mechanism.

To the right of the cellular graphic in Fig. 8, the three EDTA-like
structures indicate the hypothetical reductase active site. Modes of
vanadium binding during the states of reduction are shown for the in-
itial V(V), the half-reduced V(IV), and the fully reduced V(III). The
edta-like active site ligation is derived from insights obtained through

[V''(H,0))%

Fig. 8. A graphical representation of the hypothesis for [VO,]*>~ and VO**
reduction in ascidians. The background shows a quadrant of a signet ring cell
from a phase-contrast microscopic image. The cell membrane is visible as the
hazy green oval section. The cell nucleus is the light region to the upper right.
The inner acid-containing vacuole is outlined in blue. A thin cytosolic region is
visible between the vacuole and the inner surface of the cell membrane. Regions
1-3 illustrate the single-electron step-wise sequence of VYV reduction to V(III).
The diagrammatic representations are described in the following text. (For in-
terpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

the XAS studies described above. The site can readily accommodate the
unique structural requirements of all the forms of vanadium in all three
oxidation states. As reduction proceeds, the proposed active site car-
boxylic acids smoothly convert from hydrogen-bond donors (dashed
green lines) into ligands for V(IV) and V(III). The changing ligation
needs of vanadium during reduction are met without any large-scale
rearrangements of the active site. The requirement of a seven-co-
ordinate V(III) product is likewise accommodated with a minimal, if
any, energetic barrier. The major transformations involve only the se-
quential deprotonation of active site carboxylic acids. Thus, as V(V)
proceeds to V(III), the occupied reductase active site efficiently converts
from carboxylic acids with hydrogen-bonds to the oxo-groups of bound
[VO,]" or [VO]**, into carboxylate ligands for 7-coordinate V(III).

The small “RSH” and RSSR” tags lining the space between the
membrane and the vacuolar limit-line represent the thiol/disulfide
redox buffer within the cytosol. The step-by-step mechanism of reduc-
tion is proposed as follows:

e At 1, following transport from the gut, [VO,]*~ enters a reductase
bound within, and possibly traversing, the cellular membrane
(yellow ellipsoids) and binds at the enzyme active site. The con-
version of dissolved [VO4]3_t0 bound [VO,]* consumes four pro-
tons. Two of these protons can come from the proposed reductase
resting active site carboxylic acids that convert into carboxylate li-
gands. The other two protons may be derived from active site ni-
trogens if they stem from histidines or lysines that are protonated in
the resting state enzyme. Thus at the reductase active site the first
binding step is, in general notation, [VO4°" + 4 LH —
[L4VOs] + 2 H,0, where LH is a protonated protein amino acid
residue that converts into a ligand for bound V(V). The site-structure
of this step is shown in the cartoon marked “V(V)” on the right
margin of the figure. Note the proposed subsequent entry of a cy-
tosolic RSH following vanadate binding, marked by the yellow
arrow. “RSH” in the cartoon of Fig. 8 may be cysteine or glu-
tathione.

e At 2, cytosolic thiol reduces V(V) to V(IV) then to V(III) in two one-
electron steps. The two small curved arrows with the superposed
small-font “%2 RSSR” and “RSSR” mark the two one-electron



reductions at vanadium, with the consequent conversion of two
thiols into a disulfide. The binding mode of the thiol within the
reductase, if any, is left unremarked. The active site V(V), as bound
[VVO,]™", proceeds through bound V(IV), as bound [VO]*", and
then to seven-coordinate bound V(III). The cartoons at “V(IV)” and
“V(II),” respectively, on the figure margin provide the proposed
active site structures. Note that the two protons from the active site
carboxylic acids plus the two protons released during oxidation of
thiol provide the four protons necessary to convert the V(V) site to
the seven-coordinate V(III) site.

e At 3, re-protonation of the active site ligands releases the V(III) from
the reductase (purple ellipsoids) into the inner vacuole. The source
for these protons may be the acidic solution of the inner vacuole.
The positional displacement from the yellow to the blue ellipsoids
along the membrane is not meant to indicate its physical translo-
cation. Rather, the visuals are meant to illustrate the beginning and
end of vanadium reduction. Thus, aqua [VO,] ™ is yellow while aqua
V(II) is light blue). The vacuolar membrane may contact the cel-
lular membrane at the site of the reductase. Entry of V(III) into the
vacuole may be assisted by the reductase, which must then be em-
bedded in, and possibly traverse, both membranes.

e At 4, an ATP-driven proton pump maintains vacuolar acidity (red
ellipsoids). An ATP-driven proton pump has already been detected
in the membranes of signet ring cells, and is known to support va-
cuolar acidity [147]. Thus, the reported proton pump is a worthy
candidate for the illustrative ATPase enzyme of Fig. 8. The ATP —
ADP hydrolysis arrow is external to the cell membrane only for
reasons of space and clarity.

Support for elements of this hypothesis is found the XAS experi-
ments described above, which detected an endogenous blood cell edta-
like site for both V(IV) and V(III) in both A. ceratodes and P. nigra. In A.
ceratodes, these sites appeared when V(IV) and/or thiol were provided
to blood cells already rich in V(III). An ATPase proton pump is already
known to reside in the signet ring cell vacuolar membranes of Ascidia
sydneiensis samea [148]. Additionally, although an argument from
analogy, membrane-bound reductases have been observed in human
erythrocytes and liver cells, and a chromate reductase was reported in
Enterobacter cloacae [149-151]. Further, both the P450 cytochromes
and their reductase are located in the membranes of the endoplasmic
reticulum of mammalian liver cells [152]. Plasma membrane redox
enzymes have recently been reviewed in a health context [153]. Thus,
membrane bound reductases are a repeating motif in the metallo-bio-
chemistry of organisms ranging in complexity from bacteria to mam-
mals. Discovery of a membrane-bound vanadium reductase in asci-
dians, if it occurs, should come as no surprise. The complete ascidian
vanadium oxido-reductase system may also include novel regulatory
elements; all of which, if present, remain to be elucidated.

Possible approaches to testing this scheme might involve patch-
clamp experiments with cellular and/or vacuolar membranes isolated
from signet ring cells or their ghosts, taking the inside-out configuration
[154-156]. The outer side of the membrane patch might be exposed to
a flux of V(IV) ion and thiol. The emergence of V(III) from the inside
surface into a waiting acidic milieu is anticipated. Any emergent V(III)
could be detected spectrophotometrically as the thiocyanate complex,
which is stable in acid solution [157,158]. Although such experiments
would be daunting, the reward lays in opening the entirely new field of
enzymatic vanadium redox cellular biochemistry.

The proposed existence of a novel reductase in A. ceratodes also
provides an opportunity for a bioinformatics investigation, which could
involve mining tunicate genomic or transcriptome databases for
homologous reductase sequences. [159] The existence of a reductase
with a structurally similar substrate and in a closely related species/
genus would provide a putative search probe and lend support to the
existence of a vanadate reductase in A. ceratodes.

Finally, this study has illuminated more of the very unusual

inorganic biochemistry of the ascidians. The complexity of ascidian
sulfur secondary metabolites has been further revealed, including a new
sulfonate-vanadium correlation that may have relevance to a vanadium
storage granule. The reductive Voltage of ascidian blood cells derived
from sulfur K-edge XAS has been corroborated in an independent group
of A. ceratodes specimens collected from an alternate locale. The va-
nadium protein biochemistry of the ascidians has been clarified. A de-
tailed hypothesis for the V(V) to V(III) transformation in the ascidians
has been proposed. The very high likelihood of a novel vanadium oxido-
reductase invites the exploration and elucidation of an entirely new
area of metallo-biochemistry and its congruent genetic and regulatory
systems.
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