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Choline Dehydrogenase Kinetics Contribute to
Glycine Betaine Regulation Differences in
Chesapeake Bay and Atlantic Oysters

LISA A. PERRINO* AND SIDNEY K. PIERCE
Department of Biology, University of Maryland, College Park,
Maryland 20742

ABSTRACT Choline dehydrogenase (CD), the first enzyme of the glycine betaine synthetic
pathway, was measured in a mitochondrial lysate from gill tissue from Atlantic and Chesapeake
Bay oysters acclimated to both 350 and 750 mosm. CD from both populations functions at its
maximum rate at 30°C and pH 8.75. Although CD from both populations has a similar affinity for
its substrate, choline (Km = 15.7 mM), CD Vmax from Atlantic oysters is twice that from Bay oys-
ters. In addition, the CD Km doubles and the Vmax increases four-fold in both oyster populations
acclimated to 750 mosm. CD activity is competitively inhibited by both betaine aldehyde and
glycine betaine. The differences in CD kinetics between the two oyster populations help to account
for the lower glycine betaine synthesis rates and concentrations in Chesapeake Bay oysters. CD
cannot function rapidly enough to saturate the enzyme, betaine aldehyde dehydrogenase (BADH),
immediately downstream, and, therefore, CD kinetics limit the rate of glycine betaine synthesis in
oysters. J. Exp. Zool. 286:250–261, 2000. © 2000 Wiley-Liss, Inc.

Cell types from different species capable of with-
standing a broad range of external osmotic con-
centrations accumulate a variety of osmolytes in
an effort to counteract the resulting movement of
water. Glycine betaine is an intracellular osmolyte
that accumulates in the cells of a wide range of
salinity-tolerant organisms, including bacteria
(Perroud and LeRudulier, ’85; Tombras-Smith et
al., ’88; Falkenberg and Strom, ’89; Mori et al.,
’92), mammalian kidney (Haubrich and Gerber,
’81; Grossman and Hebert, ’89; Garcia-Perez and
Burg, ’91), plants (Storey and Wyn Jones, ’77;
Hanson and Scott, ’80; Hanson et al., ’85; Weigel
et al., ’86; Weretilnyk and Hanson, ’89; Wood et
al., ’96), and a number of marine invertebrates
(Pierce et al., ’92; Dragolovich, ’94), such as the
eastern oyster, Crassostrea virginica, in response
to hyperosmotic stress. However, glycine betaine
concentrations in gill tissue from both low- and
high-salinity–acclimated Chesapeake Bay oysters
are significantly lower than those in Atlantic con-
specifics. Furthermore, while glycine betaine con-
centrations increase in Atlantic oysters under
hyperosmotic conditions, they do not increase in
Chesapeake Bay oysters (Pierce et al., ’92).

In most cell types studied to date, glycine be-
taine is the product of a two-step oxidation of cho-
line. The first reaction (choline → betaine aldehyde)
is catalyzed by choline dehydrogenase (CD) and the

second (betaine aldehyde → glycine betaine) is
catalyzed by betaine aldehyde dehydrogenase
(BADH). In animal cell types, including oyster gill
cells, the entire glycine betaine synthetic pathway
is located within the mitochondria (Dragolovich, ’94;
Pierce et al., ’95). However, the regulation of this
pathway is not well understood in animal cells. In
Limulus cardiac cells, choline uptake into the mi-
tochondria is the limiting step in glycine betaine
synthesis (Dragolovich, ’94). In contrast, while iso-
lated mitochondria from both Atlantic and Bay oys-
ter populations acclimated to low salinity take up
choline at similar, linear rates over a very wide cho-
line concentration range, Atlantic oyster mitochon-
dria subsequently synthesize more glycine betaine
(Pierce et al., ’95). Therefore, differences in the
glycine betaine synthetic pathway following mi-
tochondrial choline uptake must exist between the
two populations.

We have shown elsewhere that BADH kinetic
differences partly account for the differences in
glycine betaine synthesis rates between the two
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oyster populations acclimated to low salinity
(Perrino and Pierce, ’99). However, the 10-fold gly-
cine betaine concentration differences between the
two populations in the whole acclimated animals
(Pierce et al., ’92) are probably not explained by
the three-fold BADH substrate affinity differences
alone, indicating that CD kinetic differences might
also exist between the two populations. In addi-
tion, because the kinetics governing the accumu-
lation of the BADH substrate, betaine aldehyde,
are unknown, whether the BADH kinetic differ-
ences alone could account for the entire difference
in glycine betaine synthesis is unclear. Oyster
BADH has a high substrate affinity and low satu-
rating substrate concentration, which corresponds
well with a regulatory role. As a result, only rela-
tively low concentrations of substrate are needed
to produce the enzyme’s faster reaction rates and
to reach saturation. Thus, glycine betaine synthe-
sis rates would be limited at fairly low substrate
levels. However, isolated oyster mitochondrial gly-
cine betaine synthesis rates increase over a very
wide range of choline concentrations (Pierce et al.,
’95), well above the betaine aldehyde saturating
concentration of BADH (Perrino and Pierce, ’99).
Thus, the CD reaction may not produce sufficient
concentrations of betaine aldehyde that would
saturate BADH. If this is true, CD would have a
role in limiting the rate of glycine betaine syn-
thesis as well.

In addition, both oyster populations contain
similar intracellular choline concentrations at low
salinity (Pierce et al., ’97). However, the choline
level in Bay oysters acclimated to high salinity
does not increase from that in low salinity, while
the choline levels in high-salinity–acclimated At-
lantic oysters increase four-fold (Pierce et al., ’97).
Examination of CD kinetics would also help to
determine if the differences in choline availabil-
ity at high salinity limit CD product formation,
producing the glycine betaine differences between
the two populations.

The source of choline in oysters is not known.
While diet is a possibility, tissue choline increases
in hyperosmotically stressed, starved oysters, sug-
gesting that the choline source is at least in part
synthetic (Pierce et al., ’97). Almost nothing is
known about choline biosynthesis in molluscs ex-
cept in the Loligo pealei optic nerve, where cho-
line originates from serine (Alberghina and Gould,
’90; Anfuso et al., ’95), which is a glycolytically
produced amino acid (Stryer, ’81). In a number of
organisms, including a variety of plants, dogfish
neural tissue and rat neurons, as well as Loligo

optic nerve, synthesis then proceeds through etha-
nolamine and a series of phosphatide base inter-
mediates (Hanson and Scott, ’80; Hanson and
Rhodes, ’83; Andriamampandry et al., ’89; Alber-
ghina and Gould, ’90; Datko et al., ’90; Weretilnyk
et al., ’95). Thus, the control of glycolysis, which
is also affected in bivalves by salinity changes
(Baginski and Pierce, ’78), could influence sub-
strate availability for glycine betaine synthesis.

Therefore, we tested the possibility that CD
kinetics are different between the two popula-
tions, limiting the rate of synthesis of glycine
betaine in oysters. We determined that differ-
ences exist in CD kinetics between the two oys-
ter populations and that the kinetics are altered
following acclimation to high salinity in both
populations. The results suggest that because of
a very low substrate affinity for choline and a
modest reaction rate, CD conversion of choline to
betaine aldehyde should limit betaine aldehyde
accumulation and, therefore, BADH activity and
subsequent glycine betaine synthesis in both
populations.

MATERIALS AND METHODS
Animals

Crassostrea virginica from the Chesapeake Bay
were purchased from commercial seafood compa-
nies on Maryland’s eastern shore. Crassostrea
virginica from the Atlantic coast were obtained
from Mook Sea Farms in Damariscotta, ME,
whose oysters were grown in the Damariscotta
River in southern Maine. All of the oysters were
acclimated to 350 mosm artificial seawater (In-
stant Ocean) and 10°C for a minimum of 2 weeks,
the amount of time required for bivalves to accli-
mate to low salinity (Pierce, ’70). High-salinity
oysters were acclimated to 750 mosm artificial
seawater at 10°C for at least 4 weeks prior to
use, the minimum amount of time required for
bivalves to acclimate to high salinity (Baginski
and Pierce, ’77).

Isolation of mitochondria
Since the complete glycine betaine synthetic

pathway resides in the oyster gill mitochondria
(Pierce et al., ’95), a mitochondrial fraction was
prepared using the method of Pierce et al. (’95).
Approximately 10 g of freshly dissected gill tis-
sue was minced and homogenized in 10 volumes
(wt:vol) of mitochondrial isolation buffer (MIB)
containing 0.4 M sucrose, 150 mM mannitol, 20
mM HEPES-KOH, 1 mM ethylene glycol-bis-
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N,N,N′,N′-tetraacetic acid (EGTA), pH 7.5. For the
high-salinity experiments, the osmolality of the
isolation buffer was adjusted with an additional
250 mM mannitol. The tissue was homogenized
with a motor-driven Teflon homogenizer (Tri-R,
Model S63C). A total of 10 passes were made at a
motor setting of 3.5. The homogenate was diluted
to approximately 2 liters with isolation buffer and
passed three times through a double layer of
Miracloth (Calbiochem, San Diego, CA). The fil-
trate was then centrifuged at 2,000g for 15 min
(SLA-1500, Sorvall, Wilmington, DE) to remove
large cellular debris. The supernatant was cen-
trifuged at 9,000g for 25 min. The resulting pel-
let was resuspended in a small volume of isolation
buffer and briefly rehomogenized. This suspension
was then centrifuged for 15 min at 2,000g (SS-
34, Sorvall), after which the supernatant was cen-
trifuged for 20 min at 8,500g. The pellet from the
last centrifugation step, which contained the mi-
tochondria (Pierce et al., ’95), was resuspended,
and this set of centrifugation steps was repeated
once more in a smaller volume of isolation buffer.
All isolation procedures were carried out at 0–4°C.
The mitochondrial pellet from the second set of
centrifugation steps was resuspended in a reac-
tion buffer containing 50 mM HEPES (pH 8.5), 1
mM ethylenediaminetetraacetic acid (EDTA), 21
µM leupeptin, 0.5 mM phenylmethylsulfonyl-
fluoride (PMSF, added slowly as a 200-mM stock
in isopropanol), and 0.1% Triton X-100 (v/v) to lyse
the mitochondria (Perrino and Pierce, ’99). The
suspension was then centrifuged at 6,600g for 5
min. The pellet was discarded and the superna-
tant used to assay CD activity.

CD assay
Mitochondrial protein (0.4–0.5 mg), 14C-choline

chloride (specific activity = 0.2 µCi/µmol) (Amer-
sham) labeled at the methyl carbons, were combined
with varying concentrations of nonradioactive cho-
line chloride (5–80 mM) and the electron acceptor,
1 mM phenazine methosulfate (PMS), (Grossman
and Hebert, ’89; Zhang et al., ’92) in the following
reaction:

–2H+
(CH3)3-N-CH2-CH2-OH + PMS → (CH3)3-N-CH2-CHO + PMS (reduced)

choline betaine aldehyde

The assay mixture was designed to measure the
conversion of choline to betaine aldehyde and any
potential conversion of betaine aldehyde to gly-
cine betaine (see below). CD activity was depen-
dent on the presence of PMS. Maximum CD activity

occurred at a PMS concentration of 1 mM, which
was used throughout the CD experiments. PMS con-
centrations over 1 mM inhibited CD activity.

CD activity was measured in mitochondria ly-
sed with Triton X-100 to prevent choline uptake
across the mitochondrial membranes from limit-
ing the reaction rates. The reaction was started
with the addition of the mitochondrial lysate and
then incubated at 28°C in the dark to prevent the
light-induced reduction of PMS. Preliminary ex-
periments using nonsaturating choline concentra-
tions indicated that Triton X-100 did not interfere
with the assay.

After 60–120 min of incubation—the amount
of time determined in preliminary experiments
to produce measurable and linear amounts of
reaction products using this amount of pro-
tein—the reaction was stopped with the addi-
tion of one tenth of the reaction volume of 1.2
N HCl. The reaction mixtures were then divided
in half and 0.007–0.009 µCi 14C-glycine betaine
and 14C-betaine aldehyde (the amount deter-
mined in preliminary experiments) added to one
of the two halves of each sample to determine
recovery efficiency. The spiked and unspiked
sample halves were then processed identically
as described below.

Twice the reaction volume of chloroform and one
reaction volume of methanol were added to the
samples. The samples were vortexed and centri-
fuged briefly to separate the aqueous and organic
phases (Zhang et al., ’92). A portion of the upper
methanol phase was removed and dried under ni-
trogen. The dried residues were then resuspended
in the mobile-phase HPLC buffer described be-
low. The samples were filtered through a syringe
filter (0.2 µm pore size) and 100 µl injected onto
a normal-phase HPLC column (Phenomenex,
Phenosphere, 5 µm, silica, 150 × 3.2 mm). The
reaction products, betaine aldehyde and glycine
betaine, and the unreacted choline were separated
isocratically (Beckman model 334) with a mobile
phase consisting of 800 ml acetonitrile, 64 ml
methanol, 5 ml 3:2 (v/v) 1.0 M ammonium acetate/
acetic acid, 127 ml water, and 10 ml 0.1 M KH2PO4
at a flow rate of 1.3 ml/min (modified from Zhang
et al., ’92). The eluent from the column was col-
lected in 15- to 30-sec fractions into scintillation
vials and the radioactivity determined by liquid
scintillation counting (LKB Rackbeta) to deter-
mine which fractions contained betaine aldehyde,
as well as glycine betaine, the result of any sub-
sequent betaine aldehyde oxidation. The rate of
product formation was calculated as nmol prod-
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ucts (betaine aldehyde and glycine betaine) pro-
duced/min/mg protein. Protein was determined by
a modified Lowry assay (Petersen, ’77) using bo-
vine serum albumin as a standard.

Control experiments
Because CD kinetics were significantly differ-

ent between low- and high-salinity–acclimated
oysters in both populations, control experiments
were conducted to ensure that the source of these
differences was not the MIBs. Low-salinity–accli-
mated oyster mitochondria were isolated as de-
scribed above, but in high salinity, MIB and the
CD assay performed as usual.

There were no differences in CD activity be-
tween the low-salinity–acclimated mitochondria
isolated in low-salinity MIB and the low-salinity
mitochondria isolated in high-salinity MIB in ei-
ther oyster population, indicating that the CD ki-
netic differences between low and high salinity
were not a result of the MIBs used.

Preparation of 14C-betaine aldehyde
Although 14C-glycine betaine was available (a

gift from Dr. Maurice Burg, National Institutes
of Health, Bethesda, MD), no commercial sources
of radiolabeled betaine aldehyde were available.
Therefore, 14C-betaine aldehyde was synthesized
using choline oxidase from bacterial Alcaligenes
species, which catalyzes the conversion of choline
to glycine betaine through a betaine aldehyde in-
termediate (Ikuta et al., ’77; Zhang et al., ’92).
Choline oxidase (0.008 units, Sigma Chemical
Company, St. Louis, MO) was incubated in the
CD reaction buffer described above with 0.4 µCi
14C-choline chloride and 12.0 mM unlabeled cho-
line chloride at 37°C for 10–40 min. The reactions
were stopped at varying times and the reaction
products extracted and analyzed by HPLC as de-
scribed above. Over the course of the reaction,
three radioactive peaks were identified and col-
lected from the HPLC, two corresponding to the
retention times of choline and glycine betaine and
a third that was subsequently identified as be-
taine aldehyde by thin layer chromatography
(TLC) (see below). As the reaction was allowed
to proceed, the choline peak diminished while
the amount of glycine betaine increased. The
size of the betaine aldehyde peak remained
fairly constant over the course of the reaction
until the end, where all the original radioactiv-
ity was present in the glycine betaine peak.
Once the optimum reaction time to produce the
most labeled betaine aldehyde was determined,

the betaine aldehyde peak from a number of
these choline oxidase reactions was collected
and the HPLC buffer removed under a stream
of nitrogen. This pool of dried 14C-betaine alde-
hyde was resuspended in a small volume of
water and frozen until use. The 14C-betaine al-
dehyde and 14C-glycine betaine were then used
to determine product recovery in the mitochon-
drial CD assays.

Verification of reaction products by TLC
TLC was used in order to confirm the iden-

tity of the radiolabeled peaks separated by
HPLC from both the Alcaligenes choline oxidase
reaction and the oyster mitochondrial CD reac-
tion. The fractions containing the 3 radiolabeled
peaks were each dried under a stream of nitro-
gen and dissolved in 50% ethanol. The dissolved
material was streaked on precoated silica plates
(LK5D, Whatman, Clifton, NJ) and developed
consecutively three times in a one-dimensional
system of chloroform: methanol: 0.1 M HCl (65:
30: 4; v/v) (modified from Zhang et al., ’92). Indi-
vidual standards of choline, betaine aldehyde, gly-
cine betaine, and trimethylamine (TMA), another
possible oxidation product of choline, were
chromatographed in parallel. At the end of the
third run, the plates were thoroughly air-dried
and the quaternary ammonium standards vi-
sualized with Dragendorff ’s reagent (Rowland
and Pierce, ’85). The region of the TLC plate
that corresponded to the migration distances of
the standards was scraped off from both the
bacterial choline oxidase and the oyster mito-
chondrial CD sample lanes. The radioactivity
of the scraped silica was determined by liquid
scintillation counting (LKB Rackbeta). The ra-
dioactivity in each of the three peaks from both
reactions corresponded to the Rf of the choline,
betaine aldehyde, or glycine betaine standards.

Because the TLC separation between betaine
aldehyde and TMA was minimal, the dried puta-
tive betaine aldehyde peaks from both Alcaligenes
and oyster mitochondrial reactions were oxidized
in 25% H2O2 and 1.0 N NaOH at room tempera-
ture to oxidize any betaine aldehyde to glycine
betaine (Grossman and Hebert, ’89). The oxidized
samples were redried under nitrogen, streaked,
and developed on the silica TLC plate as described
above. All of the radioactivity in both oxidized bac-
terial and mitochondrial samples was present in
the spot corresponding to glycine betaine, indicat-
ing that the original peak was, in fact, all betaine
aldehyde.
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Statistical analysis
The results were tested for significance using

analysis of variance (ANOVA) with the Tukey-
Kramer post hoc test for unequal n following
ANOVA (Hinkle et al., ’98) and Student’s t-tests
for a planned comparison (Hinkle et al., ’98). A
probability of P < 0.05 was considered significant.

RESULTS
The HPLC protocol described in the Materials

and Methods section successfully separated cho-
line from its two oxidation products, betaine al-
dehyde and glycine betaine. Choline oxidase from
Alcaligenes oxidizes choline to glycine betaine
through a betaine aldehyde intermediate (Ikuta
et al., ’77). As the Alcaligenes choline oxidase re-
action proceeded, betaine aldehyde concentrations
tended to remain fairly constant. The amount of
choline decreased steadily, apparently producing
betaine aldehyde at a rate similar to betaine
aldehyde’s conversion to the end product, glycine
betaine, which increased over the course of the
reaction (Fig. 1A–C).

Maximum CD activity for both low- and high-sa-
linity–acclimated oysters from both populations oc-
curred at 28–30°C and pH 8.75 (adjusted at 28°C),
although Atlantic maximum rate occurs over a pH
range that is somewhat broader (Fig. 2A, B). There-
fore, all reactions were run at 28°C and pH 8.75.
CD product formation was linear over the entire 2-
hr reaction time used in initial experiments, ensur-
ing an accurate rate calculation.

CD activity was dependent on the presence of an
electron acceptor, PMS. No activity was observed
without the electron acceptor. Concentrations of
PMS above 1–2.0 mM inhibited CD activity. CD
from low-salinity–acclimated oysters from both
populations had a Km of 15.7 mM (±1.5) for its sub-
strate, choline. CD from Atlantic oysters had a
higher Vmax of 3.9 nmol/min/mg protein (±0.4), two
times higher than that from Bay oysters (Fig. 3),
indicating that CD from Atlantic oysters functions
faster at all choline concentrations.

In both oyster populations, both betaine alde-
hyde and glycine betaine competitively inhibited
CD activity to a similar degree. The Vmax remained
the same, but the Km increased to 86.6 mM (±25)
when 60 mM betaine aldehyde was present and
to 55.4 mM (±6.7) with an additional 60 mM gly-
cine betaine in Atlantic oysters (Fig. 4). In Bay
oysters, the Km increased to 71.0 mM (±25) in the
presence of 60 mM betaine aldehyde and to 35.3
mM (±13) in the presence of 60 mM glycine be-
taine (Fig. 5). CD from high-salinity–acclimated
oysters had significantly higher maximum veloci-
ties than those from low-salinity–acclimated oys-
ters. The Vmax for CD from high-salinity Atlantic
oysters was 11.6 nmol/min/mg protein, three-fold
higher than that from low-salinity oysters (Fig.
6). The Vmax for CD from high-salinity–acclimated
Bay oysters was 6.5 nmol/min/mg protein, also
three-fold higher than in low salinity (Fig. 7). As
was the case with the low-salinity enzymes, the
Vmax for high-salinity–acclimated Bay oyster CD
was two times lower than the Vmax from high-sa-

Fig. 1. Chromatograms of the separation of the products
of the Alcaligenes choline oxidase reaction when 14C-choline
is provided as substrate. A: Reaction time = 0, only 14C-cho-
line, the starting material, eluted from the HPLC column.
B: Reaction time = 12 min, a combination of the reaction

intermediate, 14C-betaine aldehyde, and of the reaction end
product, 14C-glycine betaine, as well as some of the original
14C-choline is present. C: Reaction time = 24 min, only the
end product, 14C-glycine betaine, remains.
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linity–acclimated Atlantic oysters (Fig. 8). In ad-
dition, the Km also increased to 31.3 mM (±2.9) in
high-salinity–acclimated oysters from both popu-
lations (Figs. 6–8).

DISCUSSION
CD is localized in the mitochondria of both oys-

ter populations acclimated to low and high salin-

ity. Although CD from both Atlantic and Bay oys-
ters acclimated to low salinity has a similar Km
for choline, the higher Vmax in Atlantic oysters adds
to the explanation of the population differences
in glycine betaine levels and synthesis rates. The
lower CD rate in Bay oysters, which produces the
substrate for BADH, together with the lower
BADH substrate affinity must result in a lowered
glycine betaine production compared with Atlan-
tic oysters. The greater substrate affinity of At-
lantic oyster BADH means that it is better able
to convert the higher concentrations of betaine al-

Fig. 2. A: The effect of temperature on oyster CD activity. B: The effect of pH on CD
activity.

Fig. 3. Double reciprocal plot of CD activity in a mito-
chondrial lysate from Atlantic oysters (Vmax = 3.9 nmol/min/
mg protein) and Bay oysters (Vmax = 1.8 nmol/min/mg pro-
tein) acclimated to 350 mosm as a function of varying con-
centrations of the substrate, choline. The Km for both reactions
was 15.7 mM choline.

Fig. 4. Double reciprocal plot of the activity of CD in a
mitochondrial lysate from Atlantic oysters acclimated to 350
mosm as a function of varying concentrations of the substrate,
choline. The effects of the competitive inhibitors, betaine al-
dehyde (Ki = 24.0 mM) and glycine betaine (Ki = 33.0 mM)
are also shown. The Vmax for all reactions was 3.9 nmol/min/
mg protein.
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Fig. 5. Double reciprocal plot of the activity of CD in a
mitochondrial lysate from Bay oysters acclimated to 350
mosm as a function of varying concentrations of the sub-
strate, choline. The effects of betaine aldehyde (Ki = 70.5
mM) and glycine betaine (Ki = 21.4 mM), competitive in-
hibitors, are also shown. The Vmax for all reactions was 1.8
nmol/min/mg protein.

Fig. 6. Double reciprocal plot of CD activity in a mitochon-
drial lysate from Atlantic oysters acclimated to 350 mosm
(Km = 15.7 mM choline, Vmax = 3.9 nmol/min/mg protein) and
to 750 mosm (Km = 31.3 mM choline, Vmax = 11.6 nmol/min/
mg protein) as a function of varying concentrations of the
substrate, choline.

Fig. 7. Double reciprocal plot of CD activity in a mitochon-
drial lysate from Bay oysters acclimated to 350 mosm (Km =
15.7 mM choline, Vmax = 1.8 nmol/min/mg protein) and 750
mosm (Km = 31.3 mM choline, Vmax = 6.5 nmol/min/mg pro-
tein) as a function of varying the substrate, choline.

dehyde, produced by the higher Atlantic CD rate,
to glycine betaine.

There are two possible explanations for the
increased CD reaction rates in high-salinity–
acclimated oysters. The first is that something
associated with high salinity increases the spe-
cific activity of the enzyme. The increase in CD
reaction velocity in high-salinity–acclimated
oysters from both populations should lead to in-
creased betaine aldehyde concentrations and,
subsequently, increased rates of glycine betaine
synthesis. The increase in CD reaction rate in
high salinity is similar to the increase in BADH
activity during acclimation of spinach to 300 mM
NaCl (Weigel et al., ’86; Weretilnyk and Hanson,
’89) and to that in Rhizobium meliloti and E. coli
when grown in high osmolality (Landfald and
Strom, ’86; Tombras-Smith et al., ’88). In addi-
tion, the activity of CD also increases four-fold in
E. coli when grown in high salt medium (Landfald
and Strom, ’86). The other possible explanation
for the increased CD rates is that the amount of
enzyme increases during high-salinity acclimation.
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In this case, the CD-specific activity might not
change, while the increased amount of enzyme is
able to synthesize more product. This possibility
would require increased transcription or transla-
tion of the CD gene, analogous to osmogene func-
tion in bacteria and plants (Landfald and Strom,
’86; Tombras-Smith et al., ’88; Weretilnyk and
Hanson, ’89). Distinguishing between these pos-
sibilities here is difficult because if the increase
in the amount of CD was quite small in compari-
son to the total amount of protein in the mito-
chondrial lysate, only an increase in CD-specific
activity might seem to occur.

In addition to the increase in CD rate, the Km
also increases to 30 mM in high-salinity–accli-
mated oysters from both populations, which
should slow the rate of betaine aldehyde synthe-
sis and, ultimately, the rate of glycine betaine syn-
thesis if choline concentrations remain constant.
Possibly, choline concentrations transiently in-
crease substantially, above the 0.25–1.0 mM
measured in high-salinity–acclimated Bay and
Atlantic animals (Pierce et al., ’97), immediately
following hyperosmotic stress. If a transient in-

crease in choline levels occurred, a decrease in the
CD substrate affinity would not slow the rate of
betaine aldehyde production while the choline lev-
els were elevated. Afterward, the choline levels
might then decline to the levels measured in the
acclimated animals. In fact, an analogous tran-
sient accumulation of alanine occurs following
hyperosmotic stress in oysters and other bivalves
(Baginski and Pierce, ’77; Bishop et al., ’94;
Paynter et al., ’95). Alanine, whose carbon source
is glycolytic (Baginski and Pierce, ’78; Bishop et
al., ’94), rapidly accumulates, reaching high lev-
els within a few hours following hyperosmotic
stress. As acclimation proceeds, alanine levels fall
and are replaced by other free amino acids (Bagin-
ski and Pierce, ’77; Bishop et al., ’94; Paynter et
al., ’95). The elevation of choline concentrations
soon after the onset of hyperosmotic stress, fol-
lowed by a subsequent decline as acclimation pro-
ceeds seems to be a reasonable possibility since
glycine betaine concentrations are up to 80-fold
greater (Pierce et al., ’92) than choline concen-
trations in acclimated whole animals (Pierce et
al., ’97). Although we have not yet measured it in
oysters, glycine betaine concentrations increase
substantially in Limulus cardiac tissue (Drago-
lovich and Pierce, ’91) soon after the onset of
hyperosmotic stress. In any event, it would be dif-
ficult to achieve such large increases in glycine
betaine concentration in the oyster tissue with-
out a substantial increase in choline levels dur-
ing acclimation.

The Km of oyster CD is quite high, which sug-
gests several interesting points about its role in
glycine betaine regulation in oysters. The Km of
oyster CD for choline is an order of magnitude
higher than that of oyster BADH for betaine al-
dehyde (Perrino and Pierce, ’99). Thus, CD should
function considerably more slowly than BADH.
This also occurs in E. coli where CD activity is
lower than the other steps of the pathway and
apparently limits the rate of glycine betaine syn-
thesis (Landfald and Strom, ’86). The CD Km is
also much higher than the measured tissue cho-
line concentrations, a further indication that CD
functions well below its maximum rate in accli-
mated whole animals. In addition, the high CD
Km suggests that the rate of choline oxidation by
the mitochondria in the whole animal would de-
pend to a large extent upon the regulation of the
amount of free choline present in the tissue and
on the rate of subsequent mitochondrial choline
uptake. Tissue choline levels must be regulated
either in the synthesis steps between serine and

Fig. 8. Double reciprocal plot of the activity of CD in a
mitochondrial lysate from Atlantic oysters (Vmax = 11.6 nmol/
min/mg protein) and Bay oysters (Vmax = 6.2 nmol/min/mg
protein) acclimated to 750 mosm as a function of varying con-
centrations of the substrate, choline. The Km for both reac-
tions was 31.3 mM choline.
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choline or by glycolysis, since serine is a glyco-
lytic amino acid (Stryer, ’81). Indeed, glycolysis is
stimulated by high-salinity stress in bivalves
(Baginski and Pierce, ’78).

In addition, large increases in tissue choline con-
centration should be reduced by the glycine be-
taine pathway, since CD activity continues to
increase over such a wide range of choline con-
centrations, at least until mitochondrial uptake
becomes limiting. This may be reflected by the
relatively low tissue choline concentrations, 0.25–
1.0 mM (Pierce et al., ’97), in comparison to the
higher tissue glycine betaine concentrations, 5–
80 mM, in acclimated animals (Pierce et al., ’92).
Increases in choline concentration would be con-
sumed by the glycine betaine pathway and result
in the low choline levels and substantially greater
glycine betaine concentrations.

CD from both oyster populations is competi-
tively inhibited by the products of the two reac-
tions in the glycine betaine pathway, betaine
aldehyde and glycine betaine. The glycine betaine
produced is transported out of the mitochondria
into the cytoplasm to increase intracellular os-
motic pressure. Therefore, intramitochondrial gly-
cine betaine concentrations probably never get
high enough to inhibit CD activity. BADH also
has a much higher substrate affinity than CD,
indicating that the betaine aldehyde produced in
the CD reaction probably would not accumulate
either but would be rapidly converted to glycine
betaine. Even in Atlantic oysters, where betaine
aldehyde is produced three-fold more quickly than
in Bay oysters, because of the faster CD reaction
rate, the three-fold greater BADH affinity for be-
taine aldehyde should still not permit betaine al-
dehyde accumulation to reach levels that would
inhibit CD activity.

Although CD from lysed oyster gill mitochon-
dria from both populations exhibited maximum
activity at a lower temperature, 25–30°C, than
that from mammalian kidney and liver (37°C;
Haubrich and Gerber, ’81; Grossman and Hebert,
’89; Zhang et al., ’92), the maximum activity of
oyster CD occurs at a temperature that corre-
sponds more appropriately with the temperature
of this enzyme’s environment most of the time.
Unlike oyster gill BADH, oyster gill CD activity
is much less limited by a high temperature for
maximum activity under most conditions.

As is the case with CD from several other
sources, oyster CD activity was dependent on the
presence of an electron acceptor (Haubrich and
Gerber, ’81; Landfald and Strom, ’86; Grossman

and Hebert, ’89; Zhang et al., ’92). However, the
identity of the endogenous mitochondrial electron
acceptor is unknown. In rat liver mitochondria,
CD activity is linked to ubiquinone in the elec-
tron transport chain (Barrett and Dawson, ’75).
Although CD kinetics were the same with PMS
or ubiquinone in rat liver mitochondria (Barrett
and Dawson, ’75), the oyster gill CD kinetic pa-
rameters could be different with the natural elec-
tron acceptor. The inhibition of oyster CD by PMS
concentrations above 1–2.0 mM also occurs in rat
liver and kidney CD (Haubrich and Gerber, ’81;
Zhang et al., ’92).

Overall, the kinetics of CD from oyster gill ex-
hibit a slower conversion of choline to betaine al-
dehyde when compared with the kinetics of CD
from several other sources (Table 1). Oyster gill
CD Vmax is somewhat lower (2–11.6 nmol/min/mg
protein depending on the population and salin-
ity) than that from rat liver (25.3 nmol/min/mg
protein; Zhang et al., ’92), rat kidney (37 nmol/
min/mg protein; Grossman and Hebert, ’89), E.
coli (21–57 nmol/min/mg protein; Landfald and
Strom, ’86) and also lower than that from Rhizo-
bium (71–145 nmol/min/mg protein; Tombras-
Smith et al., ’88). The Km for CD from oyster gill
(15.7–31.3 mM) is also higher than that from rat
liver (0.14–0.27 mM; Zhang et al., ’92), rat kid-
ney (4.7 mM; Grossman and Hebert, ’89), E. coli
(1.5 mM; Landfald and Strom, ’86), and Rhizo-
bium (5.5 mM; Tombras-Smith et al., ’88)

Finally, CD kinetic differences between the two
populations could be explained in several ways.
The primary structure of CD may vary slightly in
each oyster population, conferring different kinetic
characteristics to each. Since CD activity was mea-
sured in a mitochondrial lysate, some form of al-
losteric control of CD by another mitochondrial
protein that differs between the two populations
is possible. It is also likely that most of the Bay
oysters were infected with the haplosporidean pro-
tozoan, Perkinsus marinus, given their size and
age (Paynter and Burreson, ’91). Although P.
marinus infection significantly alters the whole
animal’s ability to respond to salinity stress
(Paynter et al.,’95), it is unlikely that differences
in CD kinetics in an isolated mitochondrial lysate
would be due to the presence of this parasite since
both the assay conditions and substrate levels
were externally regulated. However, while CD dif-
ferences found here are not likely a result of in-
fection, the parasite might cause substrate or
kinetic changes in the intact cells of the whole
animal by altering the enzyme’s environment. For
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TABLE 1. Comparison of assay conditions for CD from several sources

Assay    Vmax
temperature          Assay pH     Electron Km    (nmol/min/mg

Source Preparation (°C)           (buffer)     acceptor (mM)    protein)            Reference

Rhizobium Cell extract 30 7.5 (80 mM 0.5 mM PMS 5.5    71–145 Tombras-Smith et al., ’88
meliloti sodium phosphate)

Escherichia coli Cell extract or 37 7.5 (80 mM 0.5 mM PMS 1.5    21–57 Landfald and Strom, ’86
washed membranes sodium phosphate)

Rat inner Triton-extracted 37 7.5 (50 mM sodium 1 mM PMS 4.7    37 Grossman and Hebert, ’89
medulla mitochondria phosphate/50 mM

Tris)
Rat liver Digitonin-extracted 37 7.6–8.5 (40 mM Tris 1 mM PMS 0.14–0.27    6.3–25.3 Zhang et al., ’92

mitochondria or glycine or 10
mM potassium
phosphate)

Oyster gill Triton-extracted 30 8.75 (50 mM 1 mM PMS 15.7–31.3    2–11.6 This paper
mitochondria HEPES-KOH)
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example, since P. marinus infection lowers hemo-
lymph pH by 0.5–1.0 pH unit (Paynter, ’96), CD
activity may be decreased in the gill tissue of
whole animals infected with P. marinus.

In conclusion, the major steps of the glycine be-
taine synthetic pathway in oysters have now been
measured, and a more complete picture of the
pathway can be described. In low salinity, since
tissue choline availability and choline uptake by
the isolated mitochondria are similar in both popu-
lations, a combination of a lower CD reaction rate
and a lower BADH affinity for betaine aldehyde
in Bay oysters probably explain both the glycine
betaine concentration and synthesis rate differ-
ences between the two populations. The low CD
affinity for choline and modest reaction rate also
suggest that CD kinetics limit the rate of glycine
betaine synthesis in oysters. The low CD substrate
affinity indicates that the regulation of choline
availability must ultimately regulate glycine be-
taine synthesis.

Finally, it is apparent that the basic glycine be-
taine synthetic machinery is in place in both oys-
ter populations prior to osmotic stress. We cannot
rule out changes in the amounts of enzymes as-
sociated with substrate synthesis, mitochondrial
choline uptake, or glycine betaine synthesis, but
the differences in enzyme kinetics between the two
oyster populations seem to account reasonably
well for the observed differences in glycine betaine
recovery patterns. While a role played by osmo-
genes (Landfald and Strom, ’86; Styrvold et al.,
’86; Eshoo, ’88) is not yet apparent in the regula-
tion, the differences between the two oyster popu-
lations in the enzymes suggest genetic differences
between the populations.
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