Limnol. Oceanogr., 48(1), 2003, 48-54
© 2003, by the American Society of Limnology and Oceanography, Inc.

Kinetic isotope effect and characterization of form Il RubisCO from the
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Abstract

It has been hypothesized that the §°C values of chemoautotrophs at deep-sea hydrothermal vents, which cluster
in two groups around —11%. and —30%o., are due to variation in isotopic discrimination by different forms of
RubisCO. The most enriched §°C values are from the vestimentiferan tubeworm Riftia pachyptila, whose bacterial
endosymbionts provide essentially all of its organic carbon via CO, fixation by a form Il RubisCO. The kinetic
parameters of purified R. pachyptila symbiont RubisCO were determined to assess the degree to which the 6°C
values of tubeworm biomass are due to isotopic fractionation during CO, fixation by this enzyme. Like most form
Il enzymes, the K, is high, at 240 umol L-*, whereas the CO,/O, specificity factor () is low, at 8.6. The ¢
value, which is proportional to the degree of isotopic discrimination by the enzyme, was determined to be 19.5%o,
lower than that for form | RubisCO. Thislow e value supports the hypothesis that the degree of isotopic fractionation
during CO, fixation appears to be an important influence on the 6*C values of R. pachyptila biomass. Our results
indicate that it is necessary to consider RubisCO & values in interpreting 6°C values from autotrophs.

At deep-sea hydrothermal vents, invertebrates with che-
moautotrophic bacterial symbionts provide a substantial por-
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tion of the primary productivity. A diverse array of hosts,
including vestimentiferan tubeworms, bivalves, gastropods,
and shrimp, carpet areas of sulfide-bearing hydrothermal flu-
id emission in the deep sea at sites throughout the Pacific,
Atlantic, and Indian Oceans (Tunnicliffe 1991; VanDover
1995; VanDover et al. 2001). Because the hosts position
themselves between sources of hydrothermal fluid and bot-
tom water, their chemoautotrophic symbionts have access to
the substrates (e.g., oxygen and sulfide) necessary to fuel
chemoautotrophic CO, fixation via the Calvin cycle (Cavan-
augh 1994; Scott and Fisher 1995).

Despite a shared reliance on carbon fixed by symbiotic
bacteria, these symbioses fall into two clusters with respect
to their stable carbon isotope compositions (6*C =
{([Rampe/Rsdd — 1 X 10°%}, where R = C/2C). Clams and
mussels harboring chemoautotrophic endosymbionts have
6%3C values from —27%o to —35%0 and form the more iso-
topically depleted —30%. group. Vestimentiferan tube-
worms, bacterial epibionts, and mats with 6C values from
—9%o0 to —16%0 comprise the more enriched —11%o group
(Childress and Fisher 1992; Robinson and Cavanaugh 1995;
Cavanaugh and Robinson 1996).

These two clusters of §°C values generally are correlated
with the form of the Calvin cycle CO, fixing enzyme ribu-
lose 1,5-bisphosphate carboxylase/oxygenase (RubisCO)
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present in the symbionts. Thus, we hypothesized that form
| enzymes from members of the —30%. group discriminate
against *CO, more than do the form Il enzymes of the
—11%0 group (Robinson and Cavanaugh 1995; Cavanaugh
and Robinson 1996). Form | RubisCO, present in most of
the members of the —30%. group, consists of eight large and
eight small subunits. Form |1 RubisCO, the form occurring
in al members of the —11%. group tested to date (Robinson
and Cavanaugh 1995; Cavanaugh and Robinson 1996), com-
prises multiple dimers of a single subunit that are evolution-
arily related to the large subunits of form | RubisCO (Tabita
1999). Both form | and form Il RubisCOs catalyze the car-
boxylation and oxygenation of ribulose 1,5-bisphosphate
(RuBP), with CO, and O, as substrates. The oxygenation
reaction competes with carboxylation, resulting in added en-
ergy consumption to regenerate the RuBP necessary for the
RubisCO reaction. The relative rates of the carboxylase and
oxygenase reactions catalyzed by RubisCO are expressed as
CO,/0, substrate specificity factors, or ) values (Harpel et
al. 1993). The relative rates of RubisCO-catalyzed carbox-
ylation to oxygenation (v./v,) a various CO, and O, con-
centrations can be predicted from the Q) value by the relation
Vv, = Q X [CO,]/[O,]. Although they catalyze the same
reactions, form | and form |1 RubisCOs differ in their kinetic
parameters. Form | RubisCOs generaly have higher affini-
ties and specificity factors than do form Il enzymes and
therefore tend to function more efficiently under low CO,,
high O, conditions (Horken and Tabita 1999).

Theoretically, all RubisCO enzymes catalyze the fixation
of 2CO, more rapidly than they catalyze the fixation of
BCO, (Purich and Allison 2000); however, RubisCO en-
zymes differ in their kinetic isotope effects, i.e., the relative
rates of 2CO, to *CO, fixation (*?k/*k). For simplicity, the
degree to which the reaction with 2CO, is favored over that
with *CQO, is expressed as an & value (¢ = [(R/R,) — 1] X
103, where R, = **C/**C of the CO, substrate, R, = **C/*2C
of the product, i.e., carbon fixed, and R/R, = 2k/**k; Guy
et al. 1993; Hayes 1993). Prior to this study, & values from
only three RubisCOs had been measured using high-preci-
sion methods. Form | RubisCOs from spinach (Spinacea
oleracea; ¢ = 30%0) and a cyanobacterium (Synechococcus
sp.; € = 22%0) discriminate to a greater degree than does
form 11 RubisCO from a nonsulfur purple photosynthetic
bacterium (Rhodospirillum rubrum; ¢ = 18-22%0; Roeske
and O’Leary 1984, 1985; Guy et a. 1993). Thus, if form Il
RubisCOs generally discriminate less against *CO, than do
form | enzymes, the more enriched 6°C values of the hy-
drothermal vent symbioses in the —11%o. group may be due
in part to the lower degree of isotopic discrimination by form
Il RubisCOs during CO, fixation.

Form Il RubisCO from the symbionts of the giant vesti-
mentiferan tubeworm Riftia pachyptila was chosen to test
this hypothesis. R. pachyptila is the dominant member of the
macrofauna of many hydrothermal vent communities at the
East Pacific Rise and Galapagos Rift (Fisher 1996). This
symbiosis is distinctive for its rapid growth rates, up to 1 m
yr—t, and massive biomass densities, with hundreds of indi-
viduals per square meter (Fisher 1996). These surprising
growth rates appear to be fueled entirely by chemoautotro-
phic CO, fixation by endosymbiotic y Proteobacteria (Chil-

dress and Fisher 1992; Cavanaugh 1994). The CO,, H.S, O,,
and other nutrients necessary for symbiont chemoautotrophy
are acquired by the tubeworm from the vent environment
with a gill-like structure, the obturaculum, and delivered to
the symbionts by a well-developed vascular system (Chil-
dress and Fisher 1992; Scott and Fisher 1995). The symbi-
onts are contained by membrane-bound vacuoles within bac-
teriocytes in the trophosome, a large organ that fills the
tubeworm’s body cavity (Cavanaugh 1994; Scott and Fisher
1995). The symbionts intracellular location is likely to be
a high-CO,, low-O, habitat. The overal concentration of
blood dissolved inorganic carbon (DIC; the sum of the con-
centrations of CO,, HCO;, and CO;?) averages about 30
mmol L-* (Goffredi et al. 1997). Because the blood pH is
about 7.4, the CO, concentration can exceed 1 mmol L-2,
and blood O, concentrations are low (Childress and Fisher
1992; Goffredi et al. 1997). Immunologica and phylogenetic
analyses have confirmed that the symbiont RubisCO is a
form Il (Robinson and Cavanaugh 1995; Robinson et al.
1998). The kinetic parameters of the R. pachyptila symbiont
RubisCO were thus measured to determine whether they are
similar to those from other form Il enzymes. Further, the
value of RubisCO from this ecosystem-structuring primary
producer was determined to evaluate the degree to which the
61C values of R. pachyptila biomass are due to the degree
of isotopic discrimination during CO, fixation.

Materials and methods

Specimens—R. pachyptila were collected from the 9°N hy-
drothermal vent field (9°50'N, 104°17'W, 2,600 m depth)
during DSV ALVIN dives 3062—3074 in April 1996. The
worms were transported to the surface in an insulated con-
tainer to maintain a temperature of 2°C. On board ship, the
symbiont-containing trophosomes were dissected, flash fro-
zen in liquid nitrogen, and stored at —80°C until use.

RubisCO purification—RubisCO was purified from R. pa-
chyptila trophosomes by high-performance liquid chroma
tography (HPLC), using a modification of previously pub-
lished protocols (Chene et al. 1992). Trophosome samples
pooled from four individuals were ground to a fine powder
in liquid nitrogen using a mortar and pestle and homoge-
nized in a ground-glass tissue grinder containing three times
the volume (w :v) of grinding buffer (20 mmol L-* TrisHCI,
pH 8.0, 50 mmol L-* MgCl,, 5 mmol L-* NaHCO,, 1 mmol
L~ ethylenediaminetetraacetic acid [EDTA], 10 mmol L-*
B-mercaptoethanol, 1 mmol L-* phenylmethylsulfonyl flour-
ide [PMSF]). Homogenate was sonicated on ice using three
15-s bursts and was then centrifuged at 20,000 X g for 20
min. The supernatant was incubated at 50°C for 10 min,
placed on ice for 10 min, and centrifuged at 20,000 X g for
10 min to remove denatured proteins and the remaining cel-
lular debris (Hernandez et al. 1996). The resulting extract
was filtered through a 0.4-um low-protein-binding syringe
filter (Amicon) and desalted into RubisCO buffer A (similar
to grinding buffer but with 10 mmol L-* MgCl, and no
PMSF) using a Pharmacia Biotech PD-10 column.

Desalted extract was loaded onto a 20-ml Q-Sepharose
Fast-Flow column (Pharmacia) equilibrated with RubisCO
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buffer A and run at a flow rate of 8 ml min—* using Rainin
biocompatable HPLC pumps. The column was developed
with a linear gradient of 0—0.5 mol L-* NaCl in RubisCO
buffer A with the RubisCO eluting at approximately 0.3 mol
Lt NaCl. Fractions containing RubisCO (detected by spot
Westerns) were pooled, concentrated in a Centriplus 30 cen-
trifugal concentrator (Amicon), desalted into RubisCO buff-
er A, and loaded onto a Pharmacia Mono Q 5/5 column. The
column was run at a flow rate of 1 ml min-* and developed
as above, with RubisCO eluting at an identical NaCl con-
centration. Fractions containing RubisCO were pooled, de-
sadted into 10 mmol L~ Tris-citrate buffer (10 mmol L-*
Tris citrate, pH 7.3, 10 mmol L-* MgCl,, 5 mmol L-*
NaHCO,, 1 mmol L-* EDTA), and loaded onto a Mono Q
5/5 column equilibrated with this buffer. The RubisCO was
eluted with a 40-ml linear gradient comprised of 10-100
mmol L~ Tris-citrate buffer, with RubisCO eluting near the
center of the gradient.

Purified RubisCO was pooled, concentrated in a Centricon
30 centrifugal concentrator (Amicon), and stored at —80°C
in RubisCO storage buffer (50 mmol L-* Bicine, pH 8.0, 10
mmol L-* MgCl,, 66 mmol L-* NaHCO,, 1 mmol L-*
EDTA, 10 mmol L-* B-mercaptoethanol, 20% v : v glyceral).

Soot Westerns, sodium dodecyl sulfate—polyacrylamide
gel electrophoresis, and Western blotting—RubisCO purifi-
cation was monitored by spot Westerns, sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS/PAGE), and
Western blotting. To track RubisCO during purification, spot
Westerns (Harlow and Lane 1988) were performed on frac-
tions collected from the HPLC columns during gradient de-
velopment. Aliquots of each fraction (1 ul) were spotted
onto a nitrocellulose membrane (BioRad) and allowed to
dry. Membranes were then incubated with antiserum specific
for form Il RubisCO (a-RrFll, raised against the R. rubrum
RubisCO; Robinson and Cavanaugh 1995) at a dilution of
1:3,000, and developed by the alkaline phosphatase conju-
gated 2° antibody system according to the manufacturer’s
specifications (BioRad). Reactive fractions were collected
and either subjected to further purification or stored at
—80°C in RubisCO storage buffer.

The relative purity of the RubisCO at each stage of the
purification process was confirmed using SDS-PAGE.
Equivalent amounts of protein from each sample, quantified
using the Bradford assay (Robinson and Cavanaugh 1995)
with IgG as a standard, were diluted 1:1 in SDS-PAGE
sample buffer (Harlow and Lane 1988) and heated to 100°C
for 5 min before electrophoresis. Proteins were separated on
a 10% SDS—polyacrylamide gel (Robinson and Cavanaugh
1995) and were stained with Coomassie blue to monitor pu-
rity or were transferred to polyvinylidene fluoride membrane
(Millipore) by semidry electrophoresis. Membranes were in-
cubated with a-RrFIl as described for the spot Westerns.

Kinetic parameters—The K., and specific activity for the
purified R. pachyptila symbiont RubisCO were determined
in two independent experiments as previously described
(Horken and Tabita 1999). To measure the K, activated
RubisCO was added to an oxygen-free reaction mixture con-
taining RUBP and DIC, with the concentration of CO, rang-

ing from 5 to 1,200 wmol L~ and a specific activity of ~50
mCi mmol -*. After a 30-s incubation, reactions were ter-
minated by adding proprionic acid, and the amount of acid-
stable (**fixed’) carbon was quantified by scintillation count-
ing. The direct plot method was used to estimate the K,
value (Horken and Tabita 1999).

Specificity factors ({2) were determined in three separate
experiments by incubating RubisCO at a range of CO, con-
centrations with a headspace of either 100% N, or air (Har-
pel et al. 1993). The reaction was begun by adding [1-
SH]RuBP. The amounts of 2H-phosphoglycerate and
3H-phosphoglycolate produced by the carboxylase and oxy-
genase reactions, respectively, were quantified via anion ex-
change chromatography with an online radioactivity detector
hooked up to an HPLC system (Harpel et al. 1993).

| sotope fractionation—The isotope fractionation (&) of the
R. pachyptila symbiont RubisCO was measured by the sub-
strate depletion method (Guy et a. 1993). Because the
amount of RubisCO that could be purified from the tropho-
somes was very limited, it was not possible to measure iso-
tope fractionation by the enzyme under a range of conditions
(e.g., temperature, pH). For the measured value of ¢ to reflect
isotopic fractionation of the enzyme in situ, the temperature
and pH chosen for determining the isotope fractionation
were similar to the temperature of the tubeworm'’s hydro-
thermal vent habitat (2—30°C; Fisher 1996) and the pH of
the trophosome and the vascular blood (7—7.5; Childress and
Fisher 1992). The RubisCO reaction was conducted in a
sealed vessel, and both the concentration and isotope ratio
(*3C/*2C) of the substrate DIC were measured as it was con-
sumed by the RubisCO reaction.

Vials used to sample the reaction, cuvettes used to quan-
tify the DIC, and reaction buffer (100 mmol L-* Bicine, pH
8.0, with NaOH, 5 mmol L-* MgCl,, 1 mmol L~ dithio-
threitol) were sparged with CO,-free N, for at least 14 h
prior to use and sealed beneath a N, headspace. RUBP was
enzymatically synthesized and purified according to previ-
ously published protocols (Wong et al. 1979). R. pachyptila
symbiont RubisCO (0.5 mg) was desalted into reaction buff-
er using a Pharmacia PD-10 column to remove glycerol and
DIC from the RubisCO storage buffer. RubisCO was then
activated on ice for 1 h in reaction buffer containing 5 mmol
L-* NaHCO, in a volume of 3.5 ml.

Reactions were performed in 60-ml syringes in the ab-
sence of a gas phase to avoid complications due to the equi-
librium of dissolved and gaseous CO,. Reaction buffer was
drawn into the syringes, and NaHCO, was added to a con-
centration of 5 mmol L-1. Bovine erythrocyte carbonic an-
hydrase (30 ng ml—*; Sigma) maintained CO, and HCO; at
chemical and isotopic equilibrium. Enough RuBP was added
for the reaction to proceed to a maximum of 70% completion
(150-180 mmoles). The reaction mix was maintained at
30°C. The DIC concentration present in the reaction mix
initially and over the course of the reaction was determined
spectrophotometrically with a coupled phosphoenol pyruvate
carboxylase/malate dehydrogenase system that oxidizes 1
mole of NADH per mole of DIC present (Peled 1985).

The reaction was initiated by adding the activated
RubisCO to the reaction mix. A 10-ml portion was imme-
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Fig. 1. SDS-PAGE (A) and Western blot (B) using antiserum
against R. pachyptila symbiont form Il RubisCO during its purifi-
cation from trophosome. Lane 1: trophosome crude extract; lane 2:
as eluted from the Q-Sepharose column; lane 3: as eluted from the
Mono Q column, pH 8.0; lane 4: as eluted from the Mono Q col-
umn, pH 7.3. Numbers to the |eft refer to the positions of molecular
weight markers (Gibco).

diately taken and quenched with 1 ml concentrated H,PO,
for the determination of the initial 6*C value of the DIC.
The reaction was allowed to proceed until approximately
30% of the DIC had been consumed, and then an additional
0.5 mg of desalted RubisCO was added. Control aliquots
were taken for 6°C value measurements both before and
after addition of the fresh enzyme to ensure that no DIC had
contaminated the reaction mix with the addition. Subsamples
of 2.5-3 ml were taken throughout the reaction. The DIC in
the quenched aliquots was purified by cryodistillation on a
high-vacuum line (O’ Leary 1980). Isotope ratios of the DIC
were measured on a Finnigan Delta S isotope ratio mass
spectrometer.

The value of & (equivalent to A of Guy et al. 1993) was
calculated from the change in the isotopic composition of
the CO, as it was consumed by R. pachyptila symbiont
RubisCO. ¢ is equal to [(R/R,) — 1} X 10%, where the
kinetic isotope effect = RJ/R, = k*2/k*. ¢ is the slope of the
line with x = —In(f X R/IR) and y = —10® X In(R,/R),
where R is the isotope ratio of the CO, present at some time
point, and R, is the isotope ratio of the CO, initially present.
Values for & were calculated for each of the four independent
experiments, and the mean and SD of ¢ were estimated from
these four values.

Results

RubisCO purification—Form 11 RubisCO (4 mg) was suc-
cessfully purified to homogeneity from 100 g of R. pachyp-
tila trophosome. SDS-PAGE and Western blot analyses in-
dicate that the purity was >90% following the final pass
through the Mono Q column (Fig. 1). The enzyme has sub-
units with an estimated molecular mass of 52 kDa, consistent
with the molecular mass of 50.6 kDa predicted from the

Table 1. Isotopic discrimination by Riftia pachyptila symbiont
RubisCO. Results from the four independent determinations are
shown here. ¢ = (*2%k/®k — 1) X 1,000.

Experiment & (%o)
1 19.2
2 17.9
3 185
4 225
Mean = SE 195+ 1.0

sequence of the R. pachyptila symbiont RubisCO gene (Rob-
inson et al. 1998). The specific activity of the purified en-
zyme was 0.5-0.6 umol CO, min-* mg-*.

Kinetic parameters—R. pachyptila symbiont RubisCO
had a high K, (mean + SD: 239 = 28 umol L~% n = 2)
and a low specificity factor (mean = SE: () = 8.6 = 0.9; n
= 3).

| sotope fractionation—The kinetic isotope effect of the R.
pachyptila symbiont RubisCO was 1.0195; ¢ = 19.5%0 *
1.0%0 (mean = SE, n = 4; Table 1; Fig. 2). The reaction
conditions for determining the isotope fractionation for this
enzyme were chosen to reflect those present in situ; however,
other parameters that may affect isotopic discrimination
could be examined in the future. For example, Riftia rubrum
RubisCO demonstrates a 3.4%. range in ¢ when the concen-
tration of Mg*? is increased from 2 to 25 mmol L-* (Guy et
a. 1993). Determining the effect of temperature and pH
would also be of interest, although neither has been shown
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Fig. 2. Changes in the isotope ratio of CO, as it is consumed
by R. pachyptila symbiont RubisCO. Results from four experiments
are plotted, each with different symbols. R, is the isotope ratio of
the CO, initially present in the reaction, R is the isotope ratio of
the CO, at a particular time point, and f is the fraction of the initial
CO, present at that time point (=[CO,]/[CO,],). The slope of the
line 10° X In(R/R,) versus —In(f) is equal to &/(1 + &/1,000). The
line corresponding to e = 19.5%o is shown.
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to have a substantial effect on fractionation by form |
RubisCOs (Christeller and Laing 1976; Roeske and O’ Leary
1984).

Discussion

The CO, fixing enzyme of R. pachyptila symbionts ap-
pears to be a *“typical’” form Il RubisCO. The R. pachyptila
symbiont RubisCO K, value of 239 umol L~* falls within
the range of 100-250 umol L-* observed for form Il en-
zymes from free-living bacteria (Horken and Tabita, 1999).
Similarly, the specificity factor (0 = 8.6) is comparable to
values measured for other form Il RubisCOs () = 10-15)
and is substantially lower than those of form | enzymes ()
= 25-240; Tabita 1999). The K., and specificity factor of
the R. pachyptila symbiont RubisCO indicate that this
RubisCO catalyzes CO, fixation most effectively in high-
CO,, low-0, environments, as shown for other form Il en-
zymes. The isotope fractionation of R. pachyptila symbiont
RubisCO (e = 19.5%o) is close to that of the form Il enzyme
from R. rubrum (¢ = 18-22%0) and is lower than & values
from the form | enzymes (22—30%o0; Guy et a. 1993), sup-
porting the hypothesis that isotope fractionation by this en-
zyme plays a role in determining the §C of R. pachyptila
biomass.

The K., of R. pachyptila symbiont RubisCO and the scar-
city of this enzyme in the symbionts are consistent with a
high-CO, environment in the trophosome. Despite measures
taken to minimize and track losses during purification, 100
g of trophosome (equivalent to approximately 15-30 g of
symbionts; Childress and Fisher 1992) yielded only 4 mg of
RubisCO. Furthermore, analyses of trophosome samples
from numerous R. pachyptila by SDS-PAGE and Western
blots indicate that the concentration of RubisCO is very low,
<1% of trophosome protein (Fig. 1). R. rubrum compensates
for the low affinity of its form Il RubisCO by massively
overexpressing this enzyme, to 50% of total soluble protein,
when grown autotrophically under low-CO, conditions (Sar-
les and Tabita 1983). The amount of RubisCO detected here
suggests that the symbionts have a high concentration of
intracellular CO,. The CO, concentration in both the vent
habitat and blood from freshly collected R. pachyptila can
reach 1.8 mmol Lt (Goffredi et al. 1997), and carbonic
anhydrase activity is present in the trophosome, which could
speed the transfer of CO, through the bacteriocyte cytosol
to the symbionts (Kochevar et al. 1993). However, the affin-
ities of both R. pachyptila symbiont RubisCO (K., = 239
umol L-1) and intact symbiont cells (K, = 50 umol L) are
considerably lower than 1.8 mmol Lt (Scott et al. 1999),
suggesting that the concentration of CO, may be lower at
the symbiont cell surface and within the symbiont cytosol
than in the blood. Further study will be necessary to resolve
this discrepancy. However, it is apparent that R. pachyptila
symbionts, protected as they are from short-term fluctuations
in the concentration of CO, by their intracellular location,
can avoid the necessity of having genes for both form | and
form Il RubisCOs for expression in response to changes in
the CO, concentration, as many free living bacteria do (Te
bita 1999).

The low specificity for CO, versus O, of R. pachyptila
symbiont RubisCO is not likely to diminish symbiont carbon
fixation rates; trophosome dissolved CO,: O, ratios are high.
Oxygen concentrations measured in seawater samples
among R. pachyptila range from undetectable to 110 umol
L~ (Childress and Fisher 1992). Assuming O, in the blood
is at equilibrium with environmental O,, and blood CO, is
1.8 mmol L-* (Goffredi et al. 1997), the CO,: O, ratio is 17.
If the ratio of CO, to O, is similar in the symbiont cytosol,
a RubisCO specificity factor of 8.6 would result in the rate
of carboxylation outpacing oxygenation by 144:1. The O,
concentration within the symbiont cells is likely to be much
lower; R. pachyptila blood sequesters O, with extremely
high-affinity, high-capacity hemoglobins, and both the host
tubeworm and the symbionts consume O, (Childress and
Fisher 1992). Thus, the carboxylation reaction is probably
even more rapid relative to oxygenation than calculated here.

The low & value of 19.5%. for R. pachyptila symbiont
RubisCO supports the hypothesis that the degree of isotopic
fractionation during CO, fixation is an important influence
on the 6°C values of R. pachyptila biomass. R. pachyptila
have more isotopically enriched biomass than do vent che-
moautotrophic symbioses relying on form | RubisCO for
carbon fixation, and R. pachyptila symbiont form Il
RubisCO discriminates less than do form | RubisCO en-
zymes. This finding is consistent with the hypothesis that
heterogeneity in RubisCO ¢ values is at least in part re-
sponsible for the bimodal distribution of biomass 6**C values
from hydrothermal vent organisms. Other symbioses and
bacterial mats from vent environments also have enriched
62C values and have been found to express a form Il
RubisCO (Robinson and Cavanaugh 1995; Cavanaugh and
Robinson 1996), suggesting that the enzymes from these
species will also discriminate against **CO, less than form |
RubisCO does. That so many of these hydrothermal vent
organisms have form |l RubisCO is consistent with the high
CO,: O, ratio of their environment, which is an ideal habitat
for low-affinity, low-specificity form 1l RubisCOs.

The carbon isotope values of R. pachyptila biomass (6*C
of —16%o0 to —9%o) are 10-17%. more enriched than ex-
pected, based on the & value of symbiont RubisCO and the
61C value of CO, from their habitat (approximately —7%o;
Mook et al. 1974; Childress et al. 1993). This finding indi-
cates that factors other than isotope fractionation by
RubisCO are also contributing to the **C enrichment of R.
pachyptila biomass. Other factors have also been noted for
their effects on phytoplankton §°C values. Anapleuratic car-
bon fixation by the tubeworm symbiosis will contribute to
1BC enrichment because some of the carboxylases that cata-
lyze this process do not have ¢ values as large as those of
RubisCO, although this is typically considered to be of mi-
nor impact on 6<C values (Goericke et al. 1994). A CO,
transport pathway, analogous to the C4 pathway in plants,
has been proposed for R. pachyptila symbionts (Arndt et al.
1998) and is consistent with the high levels of four-carbon
organic acids in tubeworm blood. However, these com-
pounds are now believed to function primarily as part of a
host response to anoxia (Arndt et al. 1998). As shown for
some isotopically enriched phytoplankton, R. pachyptila
might rely on bicarbonate transporters (Goericke et al. 1994).
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However, neither the host nor the symbionts transport
HCO;3, relying instead on CO, diffusion (Goffredi et al.
1997; Scott et a. 1999). CO, limitation appears to have some
impact, because larger R. pachyptila have more positive §*C
values than do smaller worms (Fisher et al. 1990). However,
carbon limitation cannot account for the findings that even
the smallest R. pachyptila (3—10 mg) are *C enriched (6*C
= —16%o to —14%o.). Furthermore, CO, limitation for the
symbionts seems unlikely given the high CO, concentrations
in vent water and R. pachyptila blood (Childress et al. 1993;
Goffredi et al. 1997).

Another possibility is that boundary layer effects may in-
fluence biomass 6°C values (Goericke et al. 1994). In this
scenario, because of multiple ultrastructural barriers or long
diffusive distances, the rate of exchange between the intra-
cellular pool of CO, and the environmental pool is slow
enough that RubisCO-catalyzed CO, fixation drives the in-
tracellular CO, pool to more enriched 6**C values. This sce-
nario seems likely for R. pachyptila symbionts, because they
are separated from their blood CO, supply by the bacterio-
cyte membrane and cytosol, the perisymbiont vacuole mem-
brane, and the gram-negative cell envelope. The influence of
rapid carbon fixation and multiple barriers to diffusion is
suggested when the 6°C of CO, within the symbiont cells
is calculated. Because the RubisCO kinetic isotope effect
(*%k/=k) is equal to RJ/R,, the isotope ratio of CO, within
the symbiont cells is equal to R, X *2k/*3k. If the isotope
ratio of R. pachyptila biomass is used to approximate R,
the intracellular CO, §C = +3%o to +10%., substantially
higher than environmental CO,. Such **C-enriched intracel-
lular CO, may be the isotopic ““fingerprint” of the RubisCO
reaction when it is occurring under circumstances where CO,
exchange is not rapid enough to bring environmental and
intracellular CO, pools to isotopic equilibrium.

The 82C values of marine chemo- and photoautotrophic
primary producers are widely used to infer the factors influ-
encing CO, fixation in situ. R. pachyptila symbiont RubisCO
is the first carboxylase from a marine ecosystem-structuring
primary producer to have its e value measured with high
precision methods. Membership of other hydrothermal vent
autotrophic symbioses in the —11%o or —30%o groups may
be influenced by the & value of the RubisCO enzymes carried
by the symbionts (Robinson and Cavanaugh 1995; Cavan-
augh and Robinson 1996). Similarly, marine phytoplankton
have a broad range of biomass §*C values, from —31%o to
—18%0 (Rau et al. 1989). Although some of this heteroge-
neity may be due to growth rate effects and environmental
CO, concentrations (Goericke et al. 1994), marine phyto-
plankton carry a phylogenetically broad array of form |
RubisCO enzymes, and some dinoflagellates even utilize a
form Il RubisCO for CO, fixation (Morse et a. 1995; Rowan
et a. 1996; Pichard et al. 1997). Given the apparent influ-
ence of the ¢ value of R. pachyptila symbiont RubisCO on
this organism’s 6*°C value and the diversity of RubisCO en-
zymes found in both photo- and chemoautotrophs, it is cru-
cial to consider enzyme-mediated fractionations when inter-
preting the variability of 6**C values of contemporary and
ancient autotrophs from all habitats, whether they are photo-
or chemosynthetically sustained.

References

ARNDT, C., D. ScHIEDEK, AND H. FELBECK. 1998. Anaerobiosisin
the hydrothermal vent tube-worm Riftia pachyptila. Cah. Biol.
Mar. 39: 271-273.

CAVANAUGH, C. M. 1994. Microbial symbiosis. Patterns of diver-
sity in the marine environment. Am. Zool. 34: 79-89.

, AND J. J. RoBINSON. 1996. CO, fixation in chemoautotro-
phic-invertebrate symbioses: Expression of form | and form 11
RubisCO, p. 285-292. In M. E. Lidstrom and FE R. Tabita
[eds], Microbia growth on C, compounds. Kluwer.

CHENE, P, A. G. DAY, AND A. R. FERsHT. 1992. Mutation of as-
paragine 111 of RubisCO from Rhodospirillum rubrum alters
the carboxylase/oxygenase specificity. J. Mol. Biol. 225: 891—
896.

CHILDRESS, J. J, AND C. R. FisHER. 1992. The biology of hydro-
thermal vent animals: Physiology, biochemistry, and autotro-
phic symbioses. Oceanogr. Mar. Biol. Annu. Rev. 30: 337—441.

, AND OTHERS. 1993. Inorganic carbon uptake in hydrother-
mal vent tubeworms facilitated by high environmental pCO.,.
Nature 362: 147-149.

CHRISTELLER, J. T., AND W. A. LAING. 1976. |sotope discrimination
by ribulose 1,5-diphosphate carboxylase: No effect of temper-
ature or HCO,~ concentration. Plant Physiol. 57: 580-582.

FisHER, C. R. 1996. Ecophysiology of primary production at deep-
sea vents and seeps, p. 313-336. In E Uiblein, J. Ott, and M.
Stachowtisch [eds.], Deep-sea and extreme shallow-water hab-
itats: Affinities and adaptations. Osterreichische Akademie der
Wissenschaften.

, M. C. KENNICUTT, AND J. M. BrRooks. 1990. Stable carbon
isotopic evidence for carbon limitation in hydrothermal vent
vestimentiferans. Science 247: 1094—1096.

GOERICKE, R., J. P MoNTOYA, AND B. Fry. 1994. Physiology of
isotopic fractionation in algae and cyanobacteria, p. 187-221.
In K. Lajtha and R. H. Michener [eds], Stable isotopes in
ecology and environmenta science. Blackwell.

GorFrFrEDI, S. K., J. J. CHILDRESS, N. T. DESAULNIERS, R. W. LEE,
F H. LALLIER, AND D. HAMMOND. 1997. Inorganic carbon ac-
quisition by the hydrothermal vent tubeworm Riftia pachyptila
depends upon high external pCO, and upon proton-equivalent
ion transport by the worm. J. Exp. Biol. 200: 883-896.

Guy, R. D., M. L. FoGEL, AND J. A. BERRY. 1993. Photosynthetic
fractionation of the stable isotopes of oxygen and carbon. Plant
Physiol. 101: 37-47.

HARLOwW, E., AND D. LANE. 1988. Antibodies: A laboratory manual.
Cold Spring Harbor Laboratory.

HarPEL, M. R., E. H. LEE, AND E C. HARTMAN. 1993. Anion-
exchange analysis of ribulose-bisphosphate carboxylase/oxy-
genase reactions. CO,/O, specificity determination and identi-
fication of side products. Anal. Biochem. 209: 367—-374.

HAYEs, J. M. 1993. Factors controlling **C contents of sedimentary
organic compounds: Principles and evidence. Mar. Geol. 113:
111-125.

HERNANDEZ, J. M., S. H. BAKER, S. C. LORBACH, J. M. SHIVELY,
AND F R. TABITA. 1996. Deduced amino acid sequence, func-
tional expression, and unique enzymatic properties of the form
I and form Il ribulose bisphosphate carboxylase/oxygenase
from the chemoautotrophic bacterium Thiobacillus denitrifi-
cans. J. Bacteriol. 178: 347-356.

HorkEeN, K. M., AND E R. TaBITA. 1999. Closely related form |
ribulose bisphosphate carboxylase/oxygenase molecules that
possess different CO,/O, substrate specificities. Arch. Bio-
chem. Biophys. 361: 183-194.

KocHEVAR, R. E., N. S. GovIND, AND J. J. CHILDRESS. 1993. Iden-
tification and characterization of two carbonic anhydrases from




54 Robinson et al.

the hydrothermal vent tubeworm Riftia pachyptila Jones. Mol.
Mar. Biol. Biotechnol. 2: 10-19.

Mook, W. G., J. C. BOMMERSON, AND W. H. STAVERMAN. 1974.
Carbon isotope fractionation between dissolved bicarbonate
and gaseous carbon dioxide. Earth Planet. Sci. Lett. 22: 169—
176.

MoRrskg, D., P SaLois, P Markovic, AND J. W. HASTINGS. 1995. A
nuclear encoded form Il Rubisco in dinoflagellates. Science
268: 1622-1624.

O'LEARY, M. H. 1980. Determination of heavy-atom isotope effects
on enzyme-catalyzed reactions. Methods Enzymol. 64: 83—
104.

PeLED, N. 1985. Hydrogen carbonate, p. 572-577. In H. U. Berg-
meyer [ed.], Methods of enzymatic analysis. VCH Verlagsge-
sellschaft.

PicHarD, S. L., L. CamPBELL, K. CARDER, J. B. KANG, J. PATCH,
FE R. TaBITA, AND J. H. PauL. 1997. Analysis of ribulose bis-
phosphate carboxylase gene expression in natural phytoplank-
ton communities by group-specific gene probing. Mar. Ecol.
Prog. Ser. 149: 239-253.

PuricH, D. L., AND R. D. ALLisoN. 2000. Handbook of biochemical
kinetics. Academic.

RAu, G. H., T. TAKAHASHI, AND D. J. DEsMARIAS. 1989. L atitudinal
variations in plankton 6°C: Implications for CO, and produc-
tivity in past oceans. Nature 341: 516-518.

RoBINSON, J. J., AND C. M. CAVANAUGH. 1995. Expression of form
| and form |1 ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubsico) in chemoautotrophic symbioses: Implications for the
interpretation of stable carbon isotope ratios. Limnol. Ocean-
ogr. 40: 1496-1502.

, J. L. SteIN, AND C. M. CAVANAUGH. 1998. Cloning and
sequencing of aform Il ribulose-1,5-hisphosphate carboxylase/
oxygenase from the bacterial symbiont of the hydrothermal
vent tubeworm Riftia pachyptila. J. Bacteriol. 180: 1596-1599.

RoEeskE, C. A., AND M. H. O'LEARY. 1984. Carbon isotope effects
on the enzyme-catalyzed carboxylation of ribulose bisphos-
phate. Biochemistry 23: 6275-6284.

, AND . 1985. Carbon isotope effect on carboxylation
of ribulose bisphosphate catalyzed by ribulosebisphosphate
carboxylase from Rhodospirillum rubrum. Biochemistry 24:
1603-1607.

RowaN, R., S. M. WHITNEY, A. FOWLER, AND D. YELLOWLEES.
1996. Rubisco in marine symbiotic dinoflagellates. Form Il en-
zymes in eukaryotic oxygenic phototrophs encoded by a nu-
clear multigene family. Plant Cell 8: 539-553.

SARLES, L. S, AND E R. TABITA. 1983. Derepression of the syn-
thesis of p-ribulose 1,5-bisphosphate carboxylase/oxygenase
from Rhodospirillum rubrum. J. Bacteriol. 153: 458-464.

ScotT, K. M., M. BRIGHT, S. A. MACkO, AND C. R. FISHER. 1999.
Carbon dioxide use with different affinities by chemoautotro-
phic endosymbionts of the hydrothermal vent vestimeniferans
Riftia pachyptila and Ridgeia piscesae. Mar. Biol. 135: 25-34.

, AND C. FisHER. 1995. Physiological ecology of sulfide me-
tabolism in hydrothermal vent and cold seep vesicomyid clams
and vestimentiferan tube worms. Am. Zool. 35: 102-111.

TABITA, E R. 1999. Microbial ribulose 1,5-bisphosphate carboxyl-
ase/oxygenase: A different perspective. Photosynth. Res. 60:
1-28.

TunNIcLIFFE, V. 1991. The biology of hydrothermal vents: Ecology
and evolution. Oceanogr. Mar. Biol. Annu. Rev. 29: 319-407.

VANDOVER, C. L. 1995. Ecology of Mid-Atlantic Ridge hydrother-
mal vents, p. 257-294. In L. M. Parson, C. L. Walker, and D.
R. Dixon [eds.], Hydrothermal vents and processes. Geological
Society.

, AND OTHERS. 2001. Biogeography and ecological setting of
Indian Ocean hydrothermal vents. Science 294: 818-823.
Wong, W. W, C. R. BENEDICT, AND R. J. KOHEL. 1979. Enzymatic
fractionation of the stable carbon isotopes of carbon dioxide
by ribulose-1,5-bisphosphate carboxylase. Plant Physiol. 63:

852-856.

Received: 22 April 2002
Accepted: 30 August 2002
Amended: 5 September 2002


http://www.aslo.org/lo/pdf/vol_40/issue_8/1496.pdf

