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Abstract

At least some mammalian tissues produce H S in vitro freaysteine at rates sufficient to have physiological effects.
To determine whether tissues of macrofaunal invertebrates have the same capacity, we megasured H S production in tissue
homogenates of the Manila clafapes philippinarum and the lugwormArenicola marina. Tissue homogenates from
both animals produced significant quantities of H S gas upon additiercygbteine and the enzyme cofactor pyridoxal-
2phosphatg{10 mmol IF* and 2 mmol1* |, respectivelywhile only tissues front. philippinarum produced measurable
H.,S in the absence of added substrate or cofactof. philippinarum tissues, B S production was completely inhibited
by the cystathionings-synthase(CBS) inhibitor aminooxyacetic acidAOAA), suggesting that the majority of ,H S
production was via CBS pathways, whileAn marina body wall, AOAA inhibited only half of the total K S production,
indicating that the CBS pathway was not the only major source of H S productipn. H S production in tissties of
philippinarum but not A. marina was doubled by the addition of a second thiol substré2es mmol * 2-
mercaptoethan®] suggesting the presence of an ‘activated serine sulfhydrase pathway’, which had previously been
demonstrated only in some microfaur@.2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Hydrogen sulfide (H,S) can be produced in
animal tissues by endogenous enzymes and non-
enzymatic pathways via reduction of thiols and
thiol-containing molecules. H S is a well-known
toxin that poisons isolated mitochondria at low
micromolar concentrations via reversible inhibition
of cytochromec oxidase(Nicholls, 1975; National
Research Council, 1979Therefore, until recently
it had been assumed that,H S concentrations in
animal tissues must be very low. However, recent
studies of mammalian tissue have shown that H S
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concentrations may be considerable, with meas-
ured concentrations of up to 50—10mol |~
H,S in rat, human and bovine brain tiss(8ood-
win et al., 1989; Warenycia et al., 198%ndog-
enous H S can be formed enzymatically from
L-cysteine, and Abe and Kimur@d996) proposed
that H, S formed in this way could function as an
intracellular messenger. Consistent with this
hypothesis, exogenously applied H S has a number
of physiological effects on mammalian tissue in
vitro, including facilitation of long-term potentia-
tion (Abe and Kimura, 1995 modulation of
smooth muscle tone and nitric oxide activity
(Hosoki et al., 1997, induction of cyclic AMP
and modulation of NMDA receptorgKimura,
2000, and decreased release of corticotropin-
releasing hormonéDello Russo et al., 2000
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Fig. 1. Representative enzymatic pathways for production,of H S fraysteine in animals(1) cystathioningd-synthas€ EC 4.2.1.22;
(2) cystathioniney-lyase (EC 4.4.1.3; (3) cysteine lyase EC 4.4.1.10; (4) activatedL-serine sulfhydraséknown only for some
microfauna; Walker and Barrett, 19975) cysteine aminotransfera¢&C 2.6.1.3; (6) enzymatic and non-enzymatic disulfide inter-
change reactionéforming L-cysteine and various thiol oxidasedorming L-cystine; (7) ribosomal protein synthesi$¢8) formation
of protein disulfide bonds; an(®) B-mercaptopyruvate sulfurtransferadeC 2.8.1.2. Pathways are based Cavallini et @962, Roy
and Trudinger(1970), Griffith (1987, Walker and Barret1997) and Dello Russo et al2000).

1.1. Pathways for H,S production

In mammalian tissues, H S is produced fram
cysteine through at least four pathwaffsig. 1).
In the first pathway,-cysteine is hydrolyzed by
cystathionineB-synthase(CBS, EC 4.2.1.22, also
called serine sulfhydrage producing equimolar
amounts of H S and-serine. In the second path-
way, two L-cysteine molecules dimerize to form
cystine, which is transformed into thiocysteine,
pyruvate and N by cystathioninglyase(CSE,
EC 4.4.1.2. The thiocysteine can then undergo
one of two reactions to form H S: CSE can
catalyze the reaction of thiocysteine with other
thiol compounds(e.g. glutathione or cysteifdo
form H,S and CysSR, or thiocysteine can form
cysteine and bkl S, possibly non-enzymatically
(Cavallini et al., 1962 In the third pathway,
cysteine aminotransferas€AT, EC 2.6.1.3 cat-
alyzes the reaction of-cysteine with a ketoacid
(e.g. a-ketoglutaratg to form 3-mercaptopyruvate

and an amino acide.g. L-glutamate. The 3-
mercaptopyruvate can then be desulfurated by 3-
mercaptopyruvate sulfurtransferas@¢PST, EC
2.8.1.2 to form H,S and pyruvate, or, in the
presence of S§ , thiosulfate and pyruvate. In the
‘thiosulfate cycle’, the thiosulfate reacts with
reduced glutathione(GSH) to produce H S,
H,SO; and oxidized glutathionéGSSG. In the
fourth reaction, cysteine lyasegeC 4.4.1.10 can
convert L-cysteine and sulfite ta-cysteate and
H,S. The cofactor pyridoxal‘fphosphate(PLP)
is required by CBS, CAT, CSE and cysteine lyase,
whereas MPST is zinc-dependent.

A fifth H.S production pathway, termed the
activatedL-serine sulfhydrase reactidBraunstein
et al.,, 197}, has been identified in some micro-
fauna(see Walker and Barrett, 1997 for a review
including some nematode@Nalker and Barrett,
1992; Walker et al., 1992 parasitic protozoa
(Thong and Coombs, 198ka trichomonads
(Thong and Coombs, 1985kand a cestodéGom-



D. Julian et al. / Comparative Biochemistry and Physiology Part A 133 (2002) 105-115

ez-Bautista and Barrett, 1988In this pathway, a
serine sulfhydrase catalyzes the reaction Lef
cysteine with a second thiol compound.g. 2-
mercaptoethanglto form the respective cysteine
thioether and H S(reaction #4 in Fig. 1. The
serine sulfhydrase has yet to be fully characterized,
but in at least some nematodes it appears to be a
variant form of CBS (Walker et al., 1992
Although low levels of activated-serine sulfhy-
drase activity were initially reported in highly
purified mammalian hepatic CB&Braunstein et
al., 1979, subsequent studies have failed to detect
it (see Thong and Coombs, 1985a,b; Gomez-
Bautista and Barrett, 1988; Walker and Barrett,
1997 for a review. To our knowledge, no studies
have demonstrated an activatederine sulfhydra-

se pathway in macrofaunal invertebrates.

1.2. Objectives

If H.S does have a physiological role in mam-
mals, then it is likely to have a physiological role
in invertebrates as well. Therefore, it is also likely
that invertebrate tissues have enzymatic mecha-
nisms for H S production similar to those that
have been demonstrated in mammals. In this study;,
we measured the production oL H S in vitro from
tissue homogenates of two marine invertebrates:
the Manila clam Tapes philippinarum and the
lugworm Arenicola marina. To better understand
whether the biochemical pathways used foy H S
synthesis are similar to those shown to be impor-
tant in mammals, we measured H S production in
the presence of specific inhibitors and activators
of the most well-characterized ,H S production
pathways.

2. Methods
2.1. Collection and maintenance of animals

Tapes philippinarum were purchased from a
local market in San Francisco, California. In the
laboratory, they were maintained in glass dishes in
a recirculating, aerated seawater system at 13—15
°C and 31-33 ppt, and they were fed commercial
invertebrate food three times per week. The clams
were used within 1 week of purchase, and they
were allowed to depurate for 48 h before the
beginning of an experimentdrenicola marina
were collected by hand during low tide from
Zierikzee, The Netherlands. In the laboratory, they
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were maintained in a recirculating, aerated sea
water system at 18C and 35 ppt, in which they
were allowed to burrow in mud. The worms
typically ingested the mud under these conditions,
but they were otherwise not fed. The worms were
used up to 4 weeks after collection.

2.2.  Measurement
homogenates

of H,S production in

Production of H S was measured using the
techniques described previougliegel, 1965; Sti-
panuk and Beck, 1982; Abe and Kimura, 1996
On each day of an experiment, one or more
animals were dissected, and the tissues were
pooled, separated into tissue type.g. into gill
tissue, body wall tissue, etc., as notethd placed
in ice-cold 50 mmol t* potassium phosphate
buffer (pH 6.8) until all dissections were complet-
ed (always less than 1 )h Tissues were then
blotted dry and chopped into small pieces. Each
tissue sample was then weighed and homogenized
with an equal volume of 100 mmot}  potassium
phosphate buffe(pH 7.4) for 60—90 s using either
a borosilicate micro tissue grindéRadnoti Glass
Technology Inc., Monrovia, CA, USAfor T
philippinarum tissues, or an electric homogenizer
(Ultra-Turrax T-25, IKA Werke, Staufen, Germa-
ny) for A. marina tissues. The liquid portion of
the homogenate was then removed and placed on
ice. Additional phosphate buffer was then added
to the remaining tissue and homogenization was
continued until the solution was smooth. This
remaining homogenate was then combined with
the initial portion and additional phosphate buffer
to bring the final volume to approximately 12
times the original tissue volume. A 1.0-3.0-ml
aliquot of this homogenate solution was then
placed in the outer well of a 25-ml glass flask
containing a center wel(Warburg flasks were
used, although the side-arms were unnecegsary

After the tissue homogenate was added to the
outer well, the center well was filled with 0.5-ml
1% (w/v) zinc acetate and a piece of filter paper
(Whatman No. 1 that had been cut in half and
folded into a fan shape. At this time, the desired
substrates, inhibitors and cofactotsee below
were added to the outer well. The flask was then
flushed with N gas, sealed with a septum stopper
or glass stopper, and then incubated on a shaker
at 15°C for 24 h. After incubation, 1.5-ml 50%
(w/v) trichloroacetic acid was added to the outer
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well to stop enzyme activity and converf'S and
HS~ to H,S. The flask was then incubated for an
additional hour to allow the remaining,H S to
volatilize from the incubation medium and become
trapped on the filter paper. The filter paper was
then removed from the center well and placed in
a test tube containing 3.5 ml of de-ionized water,
0.4 ml of 20 mmol ' N,N-dimethylp-phenyle-
nediamine oxalate in 7.2 M HCI and 0.4 ml of 30
mmol I=* FeCl in 1.2 M HCI. The test tube was
then gently vortexed and incubated for 30 min at
room temperature. Absorbance of the solution in
the test tube was read with a spectrophotometer at
670 nm. Samples with an absorbance greater than
1 were diluted 10-fold with water and the absorb-
ance was re-measured. Absorbance measurements
were calibrated against a standard curve generated
from rinsed crystals of Na-8 H,O in deoxygen-
ated, de-ionized water, which was mixed directly
with zinc acetate and assayed as above. To deter-
mine the sensitivity and accuracy of the, H S
measurement procedure, a known amount ¢f H S
(Na,S dissolved in phosphate buffevas added

to each flask in place of homogenate, and this was
allowed to incubate at 15C for 24 h. At the end

of incubation, the zinc acetate-containing filter
paper strips were assayed for, H S. Recovery of
H,S was 59.2-0.82% with 400 nmol of added
Na,S, and 32.610.5% with 50 nmol of added
Na, S (n=3 for each. H,S production rates in this
manuscript are not corrected for partial recovery,
so all values are almost certainly underestimates.

2.3. Characterization of H,S production pathways

To determine to what extent the five known
cysteine metabolism pathways contributed to H S
production, the assays were run with combinations
of the following thiol substratest-cysteine (10
mmol 171), 2-mercaptoethand2.5 mmol 1) -
ketoglutarate(5 mmol I=1), and reduced glutathi-
one (GSH; 5 mmol *). To further characterize
the specific enzyme pathways, aminooxyacetic
acid (AOAA; 10 pM to 10 mmol ') was used
to inhibit CBS, andbL-proparagylglycine(PGly;

0.5 and 5.0 mmol 1) was used to inhibit CSE.
Pyridoxal-3-phosphate(PLP; 2 mmol ') was
added to most flasks as an enzyme cofactor. When
inhibitors were used, they were added to the
homogenates 5 min before the flask was sealed.
Most flasks with homogenate contained 10 mmol
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|~ of L-cysteine and 2 mmol* of PLP, and we
refer to this as the ‘standard conditions’. Concen-
trations of substrates, inhibitors, and PLP were
based on previous studies by Abe and Kimura
(1996), Hosoki et al. (1997 and Walker and
Barrett (1992. To determine the rate of H S
production as a function of total tissue protein
concentration, homogenates @f philippinarum
tissues were centrifuged at 12 50@ for 15 min,
after which the total protein concentration of each
supernatant was measured using a standard Lowry
assay. The supernatants were then assayed,for H S
production using the standard conditions, with the
addition of 2.5 mmol t* of 2-mercaptoethanol.
All chemicals and reagents were from Sigma-
Aldrich Co. (St. Louis, MO, USA.

2.4. Data analysis

Data are presented as mearlks S.D. Some
samples represent pooled tissues from more than
one individual animal, in which case both the
number of animals in the pool and the number of
independent replicate tests are noted. In general,
experiments were designed such thal a single
tissue homogenate was aliquoted into 10 or more
different flasks, with each flask receiving a differ-
ent experimental treatmelife.g. a different com-
bination of substratgs or (2) homogenates of
different tissues from the same aninfakr pool of
animal9 were placed in different flasks but all
were subjected to the same experimental treatment.
In both cases, statistical comparisons between
treatments were performed with repeated-measures
ANOVA, followed by the Tukey multiple compar-
isons post-test, or by a pairedest (as indicated
in the tex). When these tests were not appropriate,
comparisons between groups were performed with
standard ANOVA followed by the Tukey post-test.
Probabilities less than 0.05 were considered statis-
tically significant.

3. Results
3.1. H,S production of specific tissues

Tissue homogenates frof philippinarum pro-
duced H S, to varying degrees, even in the absence
of added substrates or cofactotFig. 2, solid
bars. H,S production was highest in gut
(0.030+0.011 nmol HS g* min?), followed
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Fig. 2. H, S production rate@mol H,S per gram tissue wet weight per minuiie tissue homogenates frofapes philippinarum (foot,
mantle, gut, adductor muscle, siphon and)gilhd Arenicola marina (body wal). Homogenates were tested alone in buffited

bar9 or with 10 mmol I L-cysteine and 2 mmol+*

PLRgray barg. Data represent the mear8.D. (N=4 for T. philippinarum,

N=5 for A. marina). For all tissues, K S production in the presence afysteine and PLP was significantly higher than in buffer

alone(P<0.05).

by adductor muscle, siphon and gill, and then foot
and mantle, with the latter two producing approx-
imately one-third as much H S as gut and adductor
muscle. Negligible H S was produced By mari-

na body wall tissue in the absence of added
substrates(<0.001 nmol HS g* min'). To
determine the B S production rates of specific
tissues in the presence of addeeysteine and
PLP, T. philippinarum foot, mantle, gut, adductor
muscle, siphon and gill were homogenized and
assayed separately with 10 mmol| 1otysteine
and 2 mmol It of PLP, which we refer to as
‘standard conditions(Fig. 2, gray bark Homo-
genates of all tissues showed large increases in
H,S production upon addition of-cysteine and
PLP, compared with homogenate alone. H S pro-
duction was over fivefold higher in gill tissue
(0.25+0.07 nmol HS g* min?! ; the highest
activity of T. philippinarum tissue$ than in foot

or mantle tissue§0.045+0.029 and 0.04%0.032
nmol H,S g mirr?®, respectively; these tissues
had the lowest activity The differences between
H,S production by gill tissue and those of foot,
mantle or gut tissue were statistically significant
(P<0.09. H,S production byA. marina body
wall tissue(0.37+0.22 nmol B S g! min?! p=

5), which was the only tissue fromd. marina

tested, was not significantly higher than that7of
philippinarum tissue gill or siphon. For botlT.
philippinarum and A. marina, H,S production in
flasks containing homogenate under standard con-
ditions was approximately 10-fold higher than that
of flasks containing the same concentrations of
PLP and.-cysteine in phosphate buffer but lacking
tissue homogenaté10.3x for T. philippinarum,
9.4x for A. marina). Aquarium sediment added
to a flask under standard conditions in the absence
of tissue did not produce H €data not showh
confirming that the H S production capacity of
tissues was not due to contamination with sediment
bacteria. To confirm that a 24-h incubation was
appropriate for assaying ;H S production, homo-
genates of T. philippinarum siphon, qill, and
adductor muscle were assayed under standard con-
ditions with incubation periods of 1, 3, 6, 12 and
24 h. While the H S concentrations after only 1,
3 and 6 h were at or below the threshold of
detection, the calculated rates of H S production
at 12 and 24 h were not significantly different
from each othe{P=0.90 bystest,n=3; i.e. the
total sulfide produced at 24 h was twice that at 12
h), indicating that both time points were equivalent
for the assay.
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Fig. 3. H, S production rategmol H,S per g tissue wet weight
per minute in combined homogenates of siphon, gill and
adductor muscle fromYapes philippinarum. H,S production
was measured in the absence or presence of @Limol
I71), L-cysteine(Cys, 10 mmol 1) and 2-mercaptoethanol
(Merc, 2.5 mmol ). Background H S productiofiproduc-
tion of H,S from substrates apor the cofactor PLP in the
absence of tissuevas subtracted from the mean for each com-
bination. Data represent the mea8.D. of four trials(bars 1,

2, 4 and 9 or five trials (bars 3 and B

3.2. Characterization of enzymatic pathways

Combined homogenates of gill, siphon and
adductor muscle fromT. philippinarum were
assayed with and without PLP and thiol substrates
to confirm that H S production was due to PLP-
dependent enzymes acting ortysteine(Fig. 3).
Addition of L-cysteine to the homogenate increased
H,S production 30-fold compared with homogen-
ate containing only PLRP < 0.01), while addition
of PLP andL-cysteine increased H S production
60-fold compared with homogenate containing
only PLP (P=0.012 and 2.2-fold compared with
L-cysteine alon&P not significant at 0.07% H,S
production inA. marina body wall homogenate
had a similar effect of PLP andcysteine addition
(data not showh The activity ofA. marina body
wall homogenates was assayed with 5 mmol |
of GSH or 5 mmol I ofa-ketoglutarate added
to the standard conditions to estimate the contri-
bution of the thiosulfate cycle and the CAT path-
way, respectively, to H S production. Neither GSH
nor a-ketoglutarate caused an increase iB H S
production(n=2 for each; these were not tested
in T. philippinarum tissues.

To determine whether the addition of a second
thiol substrate increased,H S production, 2-mer-

captoethanol was added to tissue homogenates of
T. philippinarum and A. marina, both with and
without L-cysteine and PLP. 1. philippinarum,
addition of 2.5 mmol t* 2-mercaptoethanol to the
standard assay conditio$0 mmol - L-cysteine
and 2 mmol ' PLP increased B S production
by 80% in combined homogenates of siphon, gill
and adductor muscle compared with tissues under
standard conditions without 2-mercaptoethanol
(0.29+0.049 nmol HBHS g¢g' mint s,
0.14+0.079 nmol H S g* mint , respectively;
n=5, P=0.007, Fig. 3. In homogenates ofi.
marina body wall, on the other hand, addition of
2-mercaptoethanol to standard assay conditions
had no effect on K S productidi®.27+0.18 nmol
H,S gt min? vs. 0.3%0.23 nmol HS g*
min~?! for standard assay condition=0.55,n=

4, data not shown The addition of 2-mercaptoe-
thanol had no effect on H S production in control
flasks containing PLP and-cysteine in phosphate
buffer, but lacking tissue homogenate. When meas-
ured as mass H S produced per mass total protein
per unit time, the mean H S production rate7of
philippinarum tissues was 124.3 nmol H'S ¢
protein? mim? under standard conditions, with
added 2.5 mmol1* 2-mercaptoethanol. Activity
was highest in the gut, followed by gill18 and

14 mmol H'S g protein® min® , respectively
and lowest in siphor{5.0 mmol H, S g protein*
min~1).

3.3. Effects of inhibitors

Upon addition of the CSE inhibitor PGly to
combined homogenates dt philippinarum gill,
siphon and adductor muscle under standard con-
ditions, H,S production was not significantly
affected, regardless of PGIly concentration
(63+5.3% of standard K S production with 0.5
mmol I=* PGly, P=0.089, and 66 14% of stan-
dard H, S production with 5 mmolt PGlp=
0.13, n=3; Fig. 4. The addition of
2-mercaptoethanol along with PGly had no addi-
tional effect(P=0.56 andP=0.99 for 0.5 and 5
mmol I=* PGly, respectively In contrast, the
addition of the CBS inhibitor AOAA tdl. philip-
pinarum homogenates under standard conditions
produced a dose dependent inhibition ok H S
production, with complete inhibition at the highest
AOAA concentration(65+8.2% inhibition with
10 uM AOAA, P=0.020, and 108-0.4% inhibi-
tion with 100 uM AOAA, P=0.002;n=3). The
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Fig. 4. Effect ofpL-proparagylglycine(PGly; 0.5 and 5.0 mmol*) and aminooxyacetic acilAOAA; 0.01 and 0.1 mmol 11) on
H,S production in combined homogenatesTophilippinarum gill, siphon and adductor muscle. PGly is an inhibitor of the enzyme
CSE, while AOAA is an inhibitor of the enzyme CB&:Cysteine(Cys; 10 mmol 1) and pyridoxal~phosphatePLP; 2 mmol %)
were present in all homogenates, while some experiments also contained 2-mercaptdéfleacioray bars, 2.5 mmol ). H,S
production rates are the percentage of the control production rate for that homogenate under the same assay(¢enditoresdded
L-cysteine and PLP alone, or with 2-mercaptoethanetysteine and PLPbut in the absence of an inhibitor. Data represent the

meart-S.D. of three trials, with three replicates in each trial.

addition of 2-mercaptoethanol along with 1004
AOAA allowed H,S production to persist at
16+11% of control (P <0.001,7=3). In homo-
genates ofA. marina body wall under standard
conditions, the addition of even 10 mmof 3
AOAA (i.e. 100 times the concentration sufficient
to completely inhibit 7. philippinarum tissu@
caused a reduction inH S production of only 44%,
which was not statistically significant due to high
variability (P=0.36,n=5).

4. Discussion
4.1. Capacity for H,S production

In the absence of added substrate and co-factor,
homogenates df. philippinarum adductor muscle,
siphon and gill produced, on average, 0.023 nmol
H,S g * min~*, which would correspond to rough-
ly 1.4 pmol H,S I"* h™* in those tissues in vivo.
Given that the efficiency of the H S assay was
probably less than 33% at such lows H S concen-
trations, the actual H S production rate is likely to
be at least three-fold higher. Furthermore, even
under the anaerobic incubation conditions of the
assay, some conversion of,H S to non-volatile
thiols may have occurred. Therefore, in tissues of

T. philippinarum, even in the absence of added
substrate and co-factors,H S may be produced in
vivo at rates that would previously have been
considered toxic to aerobic respiration. It is impor-
tant to note, however, that since these studies used
homogenates of animal tissues, the capacity for
H,S production in whole tissues, in which intra-
and inter-cellular regulatory mechanisms and com-
partmentalization of reactants are all intact, is still
unknown.

In tissues of bothT philippinarum and A.
marina, the addition of_-cysteine and PLP greatly
increased H S production compared with tissue
homogenate alonde.g. T. philippinarum gill =
14X, A. marina body wall=1900x ). Addition of
PLP withoutL-cysteine did not increase,H S pro-
duction, but addition ofL-cysteine without PLP
increased H S production to approximately half
that of L-cysteine and PLP togethdf. philippi-
narum=45%, A. marina=66%). These observa-
tions suggest that PLP-dependent enzymatic
pathways associated with-cysteine metabolism
are responsible for H S production in these tissues
under experimental conditions, as has been shown
previously for rat and guinea pig homogenates
(Abe and Kimura, 1996; Hosoki et al., 1997
When incubated with identical concentrations of
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L-cysteine and PLP, but with the addition of 2.5
mmol |- 2-mercaptoethanol, and when calculated
as mass K S produced per mass total protein per
unit time, the B S production rate &t philippi-
narum combined gill, siphon and adductor homo-
genates at 15°C (12 nmol H,S g protein*
min—1) was comparable to H S production rates
at 37°C of rat brain homogenat€22.6 nmol B S

g proteimr® mim?, Abe and Kimura, 1996nd
guinea pig thoracic aorta, ileum and portal vein
homogenatequp to 34 nmol B S g protein*
min—?1, Hosoki et al., 1997 Given the temperature
difference, the capacity for enzymaticH S produc-
tion appears to be similar between mammals and
invertebrates.

4.2. Pathways for H,S production

A direct pathway for production of H S from:
cysteine is by hydrolysis to serine and H S via the
enzyme CBS. When the CBS inhibitor AOAA
(100 wmol 1~1) was added to homogenates Bf
philippinarum tissue containing added-cysteine
and PLP, H S production was completely inhibited.
The addition of the CSE inhibitor PGly, on the
other hand, reduced H S production in the same
tissues by only 35%. CSE can generatg H S
through two pathways: an elimination reaction of
L-cysteine that produces pyruvate, NH and H S,
and a desulfhydration reaction of cystine that
produces thiocysteine, pyruvate and NH . That
AOAA produced complete inhibition of H S pro-
duction inT. philippinarum tissues and PGly pro-
duced only partial inhibition, suggests that the
majority of H,S production is via CBS pathways.
This is similar to previous data from rat brain
homogenates, in which CBS inhibitors suppressed
H,S production by 100%, while CSE inhibitors
suppressed H S production by only 15%be and
Kimura, 1996. Interestingly, inA. marina body
wall, AOAA inhibited only approximately half of
the total H S production, suggesting that the CBS
pathway is not the major source of H S production
in this tissue.

That AOAA produced complete inhibition of
H,S production under standard conditions 1h
philippinarum, but not A. marina suggests that
specific differences exist in-cysteine metabolism
between these two animals. Because the addition
of a-ketoglutarate tA. marina body wall homo-
genates did not cause an effect op H S production,
the primary pathway for H S production in this
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tissue is probably not the CAT pathway. Further-
more, the absence of an effect upon the addition
of GSH indicates that it is not the thiosulfate
pathway. In guinea pig, Hosoki et al1997)
demonstrated that CBS is expressed only in the
ileum, while CSE is expressed in the ileum, portal
vein and thoracic aorta. As would be expected, the
CSE inhibitors PGly an@-cyanot.-alanine strong-

ly suppressed H S production in the portal vein
and thoracic aorta, while the CBS inhibitor AOAA
suppressed H S production in the ileum. We did
not directly determine whether CBS and CSE were
differentially expressed between different tissues
in eitherT. philippinarum or A. marina.

4.3. Evidence for activated L-serine sulfhydrase
pathway

The addition of 2.5 mmol1* 2-mercaptoethanol
to 7. philippinarum tissue homogenates under stan-
dard conditions increased,H S production by 80%.
This enhancement was completely inhibited by 0.5
and 5.0 mmol t* PGly and 1fumol 1= AOAA,
although some activity was seen with 1@@nol
=1 AOAA. Enhancement by 2-mercaptoethanol
did not occur in homogenates df marina body
wall. Based on the pathways shown in Fig. 1,
additional thiol substrate could enhancg H S pro-
duction via two pathways(1) by reacting with
thiocysteine (which, in our system, would be
derived fromL-cysteine via.-cystin®; and(2) by
reacting withL-cysteine to form cysteine thioether
(the ‘activated serine sulfhydrase’ pathwagZav-
allini et al. (1962 demonstrated thatH S produc-
tion by purified rat liver CSEwith L-cysteine as
the substrafe was inhibited by 90% upon the
addition of 1 mmol ! 2-mercaptoethanol. This
was attributed to 2-mercaptoethanol maintaining
L-cysteine in a reduced state. Therefore, it is
unlikely that the increase in H S production seen
after addition of 2-mercaptoethanol T philippi-
narum homogenates was from a reaction with
thiocysteine, since this would have first required
the formation ofL-cystine fromL-cysteine. Fur-
thermore, 2-mercaptoethanol in the absence of
addedL-cysteine was not sufficient to cause sig-
nificant H,S production, and H S production in
the presence of 2-mercaptoethanol andysteine
was enhanced by approximately two-fold by the
addition of PLP. These findings indicate that H S
production was enzymatic, dependent iooyste-
ine as a substrate, and did not proceed via the
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formation ofL-cystine. Based on known pathways,
this suggests that 2-mercaptoethanol enhanced H S
production by increasing the formation of cysteine
thioether in the ‘activated serine sulfhydrase
pathway’.

In the nematodeNippostrongylus brasiliensis,
the native molecular weight of the activated
serine sulfhydrase enzyme is approximately 70
kDa, whereas the molecular weight of that animal’s
CBS is 288 kDa(Walker et al., 1992 which is
similar to that of CBS purified from fresh rat liver
(290 kDa. It is not known whether the activated
serine sulfhydrase enzyme is similar to CBS in its
sensitivity to AOAA or in being dependent on
PLP, although the latter is likely. If an activated
serine sulfhydrase pathway is presentimphilip-
pinarum, its activity in vivo would require suitable
second thiol substrates, which we provided in vitro
with the addition of 2-mercaptoethanésimilar
results were seen upon addition of dithiothreitol;
data not showh However, the nature of these
thiols in vivo, and whether they exist in sufficient
concentrations iff. philippinarum tissues to con-
tribute significantly to H S production, is
unknown. The apparent absence of an activated
serine sulfhydrase activity iA. marina body wall
suggests that specific differences in putative H S
production pathways, exist between these two
animals.

4.4. Potential roles of endogenous H,S

Abe and Kimura(1996) first proposed that bl S
is an intracellular messenger in mammals. Chem-
ically, H,S has many properties in common with
nitric oxide (NO), which is a well-known intra-
cellular messenger that is conserved across the
major systematic groups(Moroz, 2001, for
review). For example, both can be synthesized
enzymatically fromL-amino acids(i.e. L-arginine
for NO andL-cysteine for H $, both are small,
gaseous molecules that are permeable through cell
membranes, and both can be rapidly oxidized in
vivo (especially by heme groupsFurthermore,
NO, which is highly reactive, exerts its effects
through direct covalent modification of target mol-
ecules. The same could be true of HS and its
dissociation products, since they are also highly
reactive.

Searcy and Le€1998 demonstrated that human
erythrocytes can reduce; S to,H S using reducing
equivalents from glucose oxidation, and they pro-
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posed three potential roles for,H S that did not
include a function as an intracellular messenger:
methemoglobin salvaging, facilitation of NADH
and NADPH oxidation, and shuttling of electrons,
both within and between cells. This last role is
especially interesting, since,H S oxidation can be
coupled to ATP synthesis id. marina (Volkel
and Grieshaber, 1996@ind at least three other,H S-
adapted animals: the symbiont-containing clam
Solemya reidi (Powell and Somero, 1986 the
estuarine California KillifishFundulus parvipinnis
(Bagarinao and Vetter, 1990and the estuarine
musselGeukensia demissa (Doeller et al., 1999;
Parrino et al., 2000 Because the homogenates in
our study had no added substrates for glycolysis,
it is unlikely that H S production was via the
glycolysis-dependent pathways described by Sear-
cy and Leg(1998). Nonetheless, the same potential
roles for H,S would still exist, in which case
oxidation ofL-cysteine-derived H S could be cou-
pled to ATP production by the mitochondria of
some animals.

We cannot make broad conclusions about dif-
ferences in H S production pathways in marine
invertebrates based on a study of two animals from
different phyla. A variety of physiological adap-
tations have been elucidated W1 marina that
allow it to tolerate frequent exposure tg H S in its
natural environmenfGrieshaber and Volkel, 1998
for review). In contrast toA. marina, T. Philippi-
narum is typically found on sand—gravel beaches
where the H S concentration is presumably low
by comparison, so it would not be expected to
have extensive mechanisms for tolerating H S
exposure(although this has never been tested
We do not know whether this difference in envi-
ronmental H S exposure is related to the observed
differences in H S production pathways. Nonethe-
less, any physiological role for endogenous H S
production would certainly be impacted by the
presence of environmental,H S.

In previous studies, detection obH S was report-
ed in the tissues ofA. marina (Hauschild and
Grieshaber, 1997; Wohlgemuth et al., 20Gind
three other H S-adapted marine invertebrates: the
isopod Saduria entomon (Vismann, 199), the
priapulid worm Halicryptus spinulosus (Oeschger
and Vetter, 1992 and the marsh clanGeukensia
demissa (Doeller et al., 200}, as well as the blue
mussel Mytilus edulis (Doeller et al., 2001 In
those studies, the authors were studying the accu-
mulation or oxidation of H S in tissues of animals
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experimentally exposed to.H S, and it was the
‘control’ tissues from unexposed animals that
unexpectedly showed the presence of H S. Con-
centrations of H S from tissues of animals kept in
H,S-free conditions were reported only for.
marina, With mean values of 24.2 and 27.dnol

|~ (Hauschild and Grieshaber, 1997; Wohlgemuth
et al. 2000, respectively and forM. edulis, with

a mean value of approximately 1fmol |-*
(Doeller et al., 2001, and J.E. Doeller, personal
communication. It was proposed in those studies
that the appearance of,H S was an experimental
artifact caused by protein mercapto groups in the
tissues reacting with the bromobimane reagent
used for the assay. Our assay method, in contrast,
measured only volatilized H S, so such interfer-
ence from proteins would have been unlikely. We
suggest, therefore, that at least some of the H S
detected in the previous studies was not an exper-
imental artifact, but was free H S produced
enzymatically.

5. Conclusion

In this study, we have shown that tissue homo-
genates from the Manila clanT, philippinarum,
produce H S even in the absence of added sub-
strate or co-factor, and that all philippinarum
tissue homogenates and body wall tissue homo-
genates from the lugwormA. marina, produce
significant quantities of 5l S gas upon the addition
of L-cysteine and PLP. Iff. philippinarum tissues,
H,S production was completely inhibited by
AOAA, suggesting that the majority of H S pro-
duction occurs via CBS pathways. W marina
body wall, AOAA inhibited only approximately
half of the total H S production, suggesting that
the CBS pathway is not the only major source of
H,S production in this tissue. H S production in
tissue homogenates @f philippinarum, but notA.
marina, was enhanced by the addition of a second
thiol substrate, suggesting the presence of an ‘acti-
vated serine sulfhydrase pathway’, which had pre-
viously been demonstrated only in some
microfauna(Walker and Barrett, 1997 Whether
H,S production in the tissues of invertebrates has
a physiological function remains to be demonstrat-
ed, but the previously suggested roles of intracel-
lular messengete.g. Abe and Kimura, 1996and
electron acceptote.g. Powell and Somero, 1986;
Searcy and Lee, 1998re particularly worthy of
further investigation.
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