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glycine betaine uptake system which also 
recognizes dimethylsulfoniopropionate 

Ronald P. Kiene1r2**, Lynn P. H o f f m a n n  W i l l i a r n ~ ' ~ ~ ,  Joel E. Walker ' P *  

'Department of Marine Sciences, University of South Alabama, Mobile, Alabama 36688. USA 
'Dauphin Island Sea Lab, Dauphin Island, Alabama 36528, USA 

ABSTRACT: In 24 h old seawater filtrate cultures, comprised mostly of free-living bacteria, the uptake 
of methyl-14C-glycine betaine (GBT) displayed Michaelis-Menten-type saturation kinetics with half- 
saturation constants (K,) of <5 nM. The uptake of 5 nM I4C-GBT was strongly inhibited by additions of 
1 to 30 nM unlabeled P-dimethylsulfoniopropionate (DMSP), a naturally occurring analog of GBT The 
dose response to DMSP was consistent with simple dilut~on of labeled GBT Conversely, the uptake of 
%-DMSP was inhibited by the presence of GBT over a similar concentration range. Comparison of 
'T-GBT and 35S-DMS~ uptake kinetics in the presence and absence of unlabeled analogs suggested 
that GBT and DMSP act as colnpetitive inhibitors of their respective uptake by seawater microbes. 
D~rect comparisons of 14C-GBT and 3 5 S - D M ~ ~  uptake in filtrate cultures y~elded nearly identical 
kinetic patterns. It was also found that a portion of the "C-GBT taken up into particulate material could 
be chased from the particles by a 200-fold excess of unlabeled GBT or DMSP, whereas it was retained 
as untransformed I4C-GBT in the particles for several hours in unchased samples. A screening of 
organic compounds revealed that compounds with close structural similarity to GBT (DMSP, dimethyl- 
sulfonioacetate, proline betaine and dimethylglycine) strongly inhibited (<36% of controls) I4C-GBT 
uptake. Compounds showing moderate inhibition (48 to 89 % of controls) included trigonelline, proline, 
glutamic acid, carnitine and choline, while compounds bearing no structural or chemical similarity to 
GBT (glycine, glucose, acrylic acid, and 3-methiolpropionate) had no effects on "C-GBT uptake. Our 
results indicate that the GBT uptake system expressed by natural populations of rmcroorganisms 
is multifunctional, displaying high affinity for both GBT and DMSP and possibly other naturally occur- 
ring betaine-like compounds. This microbial uptake system is likely to play an important role in the bio- 
geochemical dynamics of GBT and DMSP. 
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INTRODUCTION 

Glycine betaine [(CH3)3N+CH2COO-; trimethyl- 
glycine; GBT] is a quaternary ammonium compound 
which is produced by a wide variety of marine organ- 
isms, including cyanobacteria, phytoplankton, macro- 
algae, halophytes and invertebrates (Cavalieri & Huang 
1981, King 1988, Anthoni et al. 1991). GBT appears to 
serve osn~otic- and compatible-solute functions and it 
can occur at very high intracellular concentrations 
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(100s mM) in the organisms which produce or accumu- 
late it (Rhodes & Hanson 1993). In fact, GBT is consid- 
ered to be among the most effective and widely used 
compatible solutes found in nature (Yancey et al. 
1982). GBT is particularly effective at minimizing the 
detrimental effects of low water activity on protein and 
membrane functions; a problem faced by all micro- 
organisms living in saline habitats (Galinski 1995). 
Despite the widespread distribution of GBT, the fate of 
this organic nitrogen compound and its function in nat- 
ural microbial communities remain poorly understood. 

GBT is structurally, and perhaps functionally, similar 
to the tertiary sulfonium compound dimethylsulfonio- 
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propionate [(CH3)2S+CH2CH2COO-; DMSP], which oc- 
curs in many marine algae and is ubiquitous in the 
euphotic zone of coastal and oceanic waters (Turner et 
al. 1988, lverson et al. 1989, Burgermeister et al. 1990). 
DMSP is the major precursor of volatile sulfur species 
such as dimethylsulfide (DMS) and methanethiol in 
aerobic marine waters (Andreae 1990, Kiene 1996a). 
These sulfur gases, especially DMS, can influence cli- 
mate processes through their conversion to aerosols in 
the atmosphere (Charlson et al. 1987). The ability of 
marine bacteria to take up and degrade dissolved 
DMSP (DMSPd) is well established (Kiene & Service 
1991, Diaz et al. 1992, Ledyard & Dacey 1994, Wolfe 
1996, Yoch et al. 1997), but our understanding of 
DMSPd dynamics and its function in microbial com- 
munities is still rudimentary. 

A wide variety of bacteria in culture, including 
Eschericia coli, Klebsiella sp. and Rhodobacter sphero- 
ides, take up GBT and related compounds for osmotic 
purposes (Le Rudulier & Bouillard 1983, Perroud & 
LeRudulier 1985, Abee et al. 1990). Some members of 
the Archaea also take up exogenous GBT (Proctor et 
al. 1997). Competitive inhibitor experiments suggest 
that the GBT transport system in Bacteria is multifunc- 
tional, being capable of transporting a number of 
structurally related osmoprotectants, including proline 
(Perroud & LeRudulier 1985) and DMSP (Gouesbet et 
al. 1994). In most of the organisms studied to date, the 
high affinity GBT transport system (Pro U) displays 
apparent K,,, values for GBT of 1 to 35 p M ,  values 
which are well above the typical nM concentrations of 
labile compounds found in seawater. 

The uptake of low molecular weight solutes by 
seawater microorganisms has been studied in great 
detail (Wright & Hobbie 1966, Ferguson & Sunda 1984, 
Fuhrman 1987, Coffin 1989, Rich et al. 1996). Most of 
these studies have focused on amino acids and sugars, 
which are thought to be the main energy substrates of 
natural bacterioplankton. Osmotic solutes of marine 
plants, such as GBT and DMSP, have received much 
less attention. Because of their rapid utilization, mono- 
meric, labile organic substrates are nearly always pre- 
sent at concentrations less than 1 pM and are often in 
the low nanomolar range (Fuhrman & Ferguson 1986, 
Mopper & Kieber 1991). Uptake of substrates at these 
low concentrations requires high affinity transport 
systems to make efficient acquisition of the substrates 
possible (Button 1991). 

We recently studied the uptake, retention and de- 
gradation of nanomolar levels of GBT in seawater 
(Kiene & Hoffmann Williams unpubl.). We found that 
GBT was rapidly taken up by seawater microbes for 
use as a carbodenergy source and also possibly as an 
osmolyte. Here we present evidence which suggests 
that the uptake system responsible for transporting 

GBT also recognizes DMSP and possibly other struc- 
turally related compounds. The presence of this high 
affinity uptake system in marine microorganisms is 
probably responsible for maintaining low dissolved 
concentrations of GBT and DMSP in seawater as well 
as a rapid and efficient turnover of these 2 biogeo- 
chemically important compounds. 

MATERIALS AND METHODS 

Sample collection and incubation. Estuarine and 
coastal water samples were collected from Mobile Bay, 
its plume and adjacent areas in the Northern Gulf of 
Mexico, near Dauphin Island, Alabama, USA. Mobile 
Bay samples were collected from either the east end 
pier (30" 15 'N ,  88" 05'W) or the west end beach 
(30" 15' N, 88" 11' W) on Dauphin Island using an acid 
rinsed bucket. The offshore samples were collected 
from small boats at sites located approximately 6 to 
10 km south of Dauphin Island. In these cases surface 
water was collected directly into acid rinsed polycar- 
bonate carboys. Water samples were held in the dark 
during transit back to the laboratory ( < l  h). Salinities 
of the Mobile Bay and Gulf of Mexico samples ranged 
from If to 36, and temperatures from 18 to 30°C. Addi- 
tional samples were collected from temperate waters 
in the Gulf of Maine, USA, during a research cruise 
aboard the RV 'Cape Hatteras' (cruise 0795, 16 to 25 
June 1995). Water was collected from 5 m depth using 
5 1 Niskin bottles deployed on a rosette with a Seabird 
conductivity, temperature, and depth (CTD) analyzer. 
Temperature for the Gulf of Maine samples was 15"C, 
and the salinity was 32. 

Our recent investigations revealed that it is predom- 
inantly the < l  pm sized organisms which are responsi- 
ble for taking up GBT in seawater (Kiene & Hoffmann 
Williams unpubl.). Therefore, in addition to using 
whole, unfiltered seawater, we used filtrate cultures 
containing primarily free-living bacteria in some 
experiments. Filtrate cultures were prepared by grav- 
ity filtering water through Whatman GF/F filters. 
Greater than 80% of the total bacterial population can 
pass through GF/F filters (Lee et al. 1995), and this was 
confirmed during our studies. Furthermore, our obser- 
vations of the filtrates by epifluorecence microscopy 
showed that photoautotrophs and microzooplankton 
were largely excluded by the GF/F filters. Filtrates 
were incubated in the dark in 1 1 Teflon bottles (HCl 
rinsed) at room temperature (23 to 25OC) for 20 to 24 h 
prior to initiation of uptake experiments. The filtrate 
cultures offered some advantages over whole water for 
the study of the GBT uptake system. Whole water 
contains a significant (1 to 10 nM) pool of dissolved 
DMSP (and possibly GBT) which is variable over time 
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Gulf of Maine were each treated with 5.5 nM added 
14C-GBT (69 800 dpm ,100 ml-l) and allowed to take up 
the label for 2 h at the in situ temperature (15°C). At 
approximately 2 h,  1 set of samples received a chase of 
unlabeled GBT and, a second set received a chase of 
unlabeled DMSP (1000 nM final concentration each, 
respectively). A third set remained untreated as a con- 
trol. Sample bottles were sacrificed over time and the 
amount of filterable (0.2 pm Supor) radioactivity in 
50 ml sub-samples was monitored before and after the 
addition of unlabeled compounds. For the non-chased 
samples, parallel 50 m1 sub-samples were filtered and 
analyzed for retention of 14C-GBT in the filterable 
material. 

Retention of untransformed 14C-GBT in particulate 
material during the cold chase experiment was mea- 
sured as previously described (Hoffmann 1996). 
Briefly, Supor filters, taken in parallel to those for total 
uptake (as above), were extracted in 5 ml of 
methanol:chloroform:water (MCW 12:5:1) for >24 h. 
After removing and rinsing the filter, the MCW was 
evaporated to dryness under a stream of NZ at 45°C 
then reconstituted in 0.25 m1 water. The reconstituted 
extract was filtered, and injected into an HPLC with a 
cation exchange column for separation of GBT and col- 
lection of the peak fraction. Fractions corresponding to 
GBT peaks were collected with a Gilson Fraction col- 
lector, combined with 5 m1 Ecolume and counted by 
l iqu~d scintillation methods. 

Tests of other potential competitive inhibitors. A 
series of organic compounds were tested for their 
effects on the short-term uptake of 'v-GBT. Com- 
pounds were chosen based on their structural simi- 
larity to GBT (i.e. DMSP, dimethylsulfonioacetate, 
choline, proline, proline betaine, trigonelline, dirnethyl- 
glycine, carnitine), their involvement in DMSP degrada- 
tion pathways (i.e. acrylic acid, 3-methiolpropionate), 
or as representative biogeochernically important sug- 
ars (glucose) or amino acids (glycine, glutamic acid). 
Water from Mobile Bay (salinity = 11, in situ tempera- 
ture of 18°C) was collected and held in a 10 1 carboy 
under normal room lighting. The water in the carboy 
was continually mixed with a stir bar at low speed. Just 
before an  inhibitor test, 15 m1 aliquots from the carboy 
were dispensed into a series of 125 m1 serum bottles. 
Organic compounds to be tested were then added to a 
final concentration of 200 nM (duplicate bottles for 
each compound). After thorough mixing, each sample 
received 14C-GBT to give a final concentration of 
11 nM. Incubation proceeded for 10 min and was 
terminated by filtration onto 0.2 pm Supor filters. The 
total uptake of 14C onto the filters was determined by 
radioassay. Uptake in, the experimental (inhibitor) 
samples was compared with controls receiving only 
14C-GBT and a volume of water equivalent to the in- 

hibitor additions. Time constraints prevented more than 
4 compounds from being tested in a single incubation 
run. Therefore several runs were carried out over a 
36 h period, all using water from the same carboy. Ex- 
perimental treatments within each run were compared 
to controls (I4C-GBT only) from the same run, which 
accounted for changes in gross uptake rates in the 
parent water sample. Tests of some of inhibitors, re- 
peated 24 h apart, yielded similar results, indicating 
that changes in the microbial community in the parent 
water did not affect the comparisons. The endogenous 
dissolved GBT and DMSP concentrations in the water 
were not known, so the effective final concentration of 
the substrate for the uptake system was not known. 
Therefore, unlabeled GBT (200 nM) was added as a 
positive control inhibitor with which the other in- 
hibitors could be compared. 

Isotopes and other chemicals. Methyl-['4C]glycine 
betaine was synthesized from 14C-choline (ICN Bio- 
medical~),  following the procedures outlined by King 
(Kmg 1987). The methyl-[14C]GBT synthesized had 
a specific activity of 57 mCi mmol-l. Radiochemical 
purity was > 99 % based on HPLC and thin layer chro- 
matography. The primary stock was stored in ethanol 
at 4°C. Working stocks for addition to samples were 
prepared by evaporating the ethanolic stock on the 
day of use and reconstituting it in 18 MR water. Addi- 
tion volumes of the isotope stock to seawater were 
always 1 1  % of the sample volume. 

35S-DMSP was synthesized by feeding a growing, 
axenic culture of the phytoplankter Platymonas 
(= Tetraselmis) subcordiformis 100 pCi (2.3 nM) of 35S 
L-methionine (1458 Ci mmol-l; obtained from ICN Bio- 
medical~).  This species had previously been shown 
to take up exogenous methionine from the medium 
(Grone & Kirst 1992). The culture was grown in 30 ml 
F/2 medium under fluorescent Lights (14 h 1ight:lO h 
dark) in a fume hood. The phytoplankton cells were 
harvested after several days, when 70% of the added 
label had been taken up into the cells. Cells were gen- 
tly filtered onto 0.45 pm Supor filters (5 m1 culture per 
filter) and the filters placed in 5 m1 of methano1:chloro- 
formwater (MCVV' 12:5:1) to extract 35S-DMSP and 
other soluble components. After >48 h the extract was 
dried under a stream of NZ (45OC) and reconstituted 
in water The reconstituted extract was then passed 
through a cation exchange column (Dowex-50; H+ 
form) which retained DMSP. After rinsing the column 
with pure water, the 35S-DMSP was eluted with 6 X 

1 m1 rinses of 2 M HC1. The HC1 fraction was evapo- 
rated to dryness and reconstituted in water. The "S- 
DMSP was separated from GBT and other onium com- 
pounds (principally homanne) by injecting the extract 
(90 p1 at a time) into an HPLC with a Partisil cation 
exchange column (4.5 mm i.d. X 250 mm length). The 
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eluent was 50 mM KHzPOI with 2 .5% methanol. The 
peak fractions containing the 35S-DMSP were col- 
lected, pooled and then passed through a Dowex 50 
column which retained the DMSP but allowed P o d 3 '  
to be rinsed through. After thorough rinsing, the :I5S- 
DMSP was eluted from the column with 2 M HCl, 
which was subsequently evaporated. The final extract 
was reconstituted in 1 : l  ethanol:H20 and stored at 4OC. 
The final yield was 8.8 pCi, which represented about 
9% of the added 35S-methionine. The specific activity 
at the time of purification was determined to be 37 mCi 
mmol-' by combined gas chromatographic analysis of 
DMS generated from the DMSP (Kiene & Service 1991) 
and liquid scintillation methods. This specific activity is 
far below that of the parent 35S-methionine because of 
the substantial production of unlabeled DMSP by the 
culture. Radiochemical purity of the 35S-DMSP was 
determined to be >98% based on HPLC analysis. On 
the day of use, an aliquot of the primary stock was 
evaporated to remove ethanol and reconstituted in 
18 MR water. 

Unlabeled GBT was obtained from Sigma as either 
the HCl salt or the anhydrous form. DMSP-HC1 was 
obtained from Research Plus Inc. Dimethylsulfonio- 
acetate was a gift from Mark deSouza. Proline betaine 
was a gift from David Rhodes. 3-methiolpropionate 
was synthesized from its methyl ester (Sigma) by alka- 
line hydrolysis. All other organic chemicals were ob- 
tained from either Signia or Aldrich and were the high- 
est purity available. Stocks were prepared fresh on the 
day of use. 

RESULTS 

Kinetics of GBT uptake in filtrate cultures 

Uptake of 14C-GBT in filtrate cultures displayed 
Michaelis-Menten type saturation kinetics (Fig. 1A). 
Transformation of the uptake rate data using the 
Wright-Hobbie method yielded a good linear fit 
(rZ > 0.98; n = 25) (Fig. 1B). Similar uptake kinetics 
were observed in 5 different filtrate cultures generated 
from seawater collected in the northern Gulf of Mexico 
near Dauphin Island. Linearization of these data sets 
yielded estimates of kinetic parameters for GBT up- 
take (Table 1). The K,+S, values ranged from 0.86 to 
4.5 nM and were close to 4 nM in 3 out of the 5 ex- 
periments. V,,,, values ranged from 2.4 to 27 nM h-', 
and turnover times were very short (0.15 to 1.8 h). 
Bacterial abundances were measured in several of the 
filtrate cultures and these ranged from 2.2 to 2.3 X 

log cells 1-l. Using these abundances, the 5ell specific 
V,,, values for the 2 experiments were 3.8 and 1.0 X 

10-'a m01 cell-' h-' for 31 July and 5 August 1997 re- 

0.0 Y 
0 5 10 15 20 25 

Added 14c-~lyc ine Betaine (nM) 

Added 1 4 c - ~ l ~ c i n e  betaine (nM)  

Fig. 1 (A) Uptake kinetics of methyl-'4C-glycine betaine in a 
24 h old seawater filtrate culture. Points represent measured 
incorporation of I4C-glycine betaine into particles >0.2 pm 
durlng a 10 min incubation. The curve represents the pre- 
dicted rates based on Michaelis-Menten kinetics using a V,,, 
of 2.36 nM h-' and a half sat.uration constant (K,) of 4.39 nM. 
(B) Wright-Hobbie plot of uptake rate data, used to calculate 
kinetic parameters. Seawater for this experiment was col- 
lected from a beach on the west end of Dauphin Island, AL, 
USA and had a salinity of 28. Incubation temperature was 

25.5"C 

spectively. No evidence for multiphasic kinetics (Azam 
& Hodson 1981) was observed with filtrate cultures, 
whereas this has been observed in whole water sam- 
ples (Walker & &ene unpubl. data). GBT uptake was 
biological, as it was inhibited completely by autoclav- 
ing, treatment with formalin or removal of organisn~s 
by 0.2 pm filtration (data not shown). In addition, GBT 
uptake displayed temperature optima in Mobile Bay 
waters (Kiene & Hoffmann Williams unpubl.), a strong 
indication of biological activity. 

Dilution and competitive inhibitor experiments 

Preliminary experiments carried out with water 
samples from the Gulf of Maine in 1995 indicated that 
DMSP was a potent inhibitor of I4C-GBT uptake and 
that the dose response was consistent with simple dilu- 
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Table 1 Knehc  parameters for methyl-'JC-glycme betalne uptake In flltrdte cultures qenerated from Gulf of Mexlco coastal waters 
K ~ n e t ~ c  parameters were obtalned trom Wnght-Hobble hneanzat~ons of uptrtke rdte data as a funct~on of added "C-GBT concen- 
tratlon Incubabons mere for e ~ t h e r  5 or 10 mln Flltrate cultures were generated by dnpplng seawater throuqh Whatman GF/F filter, 
then p re -~ncuba t~ng  the culture for -24 h pnor to the l n ~ t ~ a t ~ o n  of uptake measurements K,+& sum of halt saturation constant and 

unknown endogenous substrate concentration, V,,,,, maxlmum uptake veloclty 

Sample date Locat~on Sahn~ty  Temperature Bacterial abundance" Kl+Sn V,,,, Turnover time 

lot) (X log cells 1 '1 (nM) (nmol l l h l )  (h)  

15 Aug 1996 6 km south of Dauphln Island 30 25 No data 0 86 3 1 0 28 
30" 11 4' N, 88" 09 9' W 

22 Nov 1996 Sea Buoy, 10 km south of 34 20 No data 4 0 2 7 0 15 
Dauphln Island 
30" 07 6' N, 88" 04 2' W 

12 Jun 1997 Dauphn Island West End Beach 18 26 No data 4 5 7 7 0 58 
30" 14 7' N, 88" 11 0' W 

31 Jul 1997 Dauphm Island West End Beach 17 27 2 2 2 0 8 4 0 24 
5 Aug 1997 Dauphm Island West End Beach 29 27 2 3 4 4 2 4 18 

"Based on DAPI (4', 6-d1armd1no-2-phenyl~ndole) dlrect counts on samples collected at the start of the ~ n c u b a t ~ o n  

tion of the isotope by DMSP (data not shown). Similar 
experiments were then carried out with filtrate cul- 
tures generated from Gulf of Mexico shelf waters 
(Fig. 2) .  Additlon of unlabeled DMSP or GBT inhibited 
I4C-GBT uptake in a manner consistent with isotope 
dilution. In light of our inability to measure endoge- 
nous GBT concentrations, inclusion of the positive 
control treatment (unlabeled GBT) served to confirm 
that the dilution of the radiolabeled substrate was as 
expected. Somewhat greater uptake than predicted at 
the higher added concentrations may have been due to 

0 5 10 15  20 25 30 0 5 10 15 20  25 30 

Added unlabeled DMSP (nM) Added unlabeled GBT ( n M )  

Fig 2 Effects of addlng dlfferent concentrations of (A) non- 
labeled DMSP or (B) non-labeled g lyc~ne  betaine (GBT) on 
the uptake rate of 5 nM methyl- 'v-g lyclne  betalne In 24 h old 
seawater f~l t ra te  cultures Dotted l ~ n e s  represent the pre- 
dlcted rate based on slmple ~so tope  d~lut lon  by the amended 
compound Incubation time was 6 5 mln for the DMSP sam- 
ples and 8 mln for the GBT samples Approx~mately 2 h sepa-  
rated the  IIMSP senes  from the GBT senes ,  whlch may ex- 
p l a ~ n  the shghtly dlfferent rates In the 2 senc i  S~ci i ia ter  was 
collected on August 15, 1996, In the Gulf of klexlco, 6 km 
south of D a u p h ~ n  Island. A2, USA (30" 1 1' N, 88" 09' W) The 

water had a sa l ln~ty  of 30 and was Incubated at  25°C 

the fact that the 5 nM ' v - G B T  added was below the 
level needed to reach maximum uptake rates. When 
additional non-labeled substrate (DMSP or GBT) was 
added, the uptake rate probably increased slightly 
(see the concentration dependence of uptake for these 
same samples in Fig. 3). To test whether DMSP be- 
haved as a competitive inhibitor, a lunetic series for 
GBT uptake was carried out with, and without, added 
DMSP using the same filtrate culture as used for the 
dilution experiment. The presence of 5 nM DMSP 
slowed the rate of 14C-GBT uptake at any given con- 
centration of GBT (Fig. 3A), and the Wright-Hobbie 
lineanzed plots yielded parallel lines with different x- 
and y-intercepts (Fig. 3B). Lineweaver-Burke double 
reciprocal plots of the same uptake data yielded lines 
with different slopes, but with identical y-intercepts 
(not shown). The results show a classic pattern of 
competitive inhibition of GBT uptake by DMSP. 

A similar experiment in which radiolabeled DMSP up- 
take was measured (10 nM 3sS-DMSP added) showed 
that the uptake of this compound decreased as higher 
concentrations of unlabeled GBT or DMSP were added 
(Fig. 4). A kinetic series for 3sS-DMSP uptake with, 
and without, 10 nM GBT showed that uptake of DMSP 
was slower in the presence of GBT over a range of 
3 5 S - ~ M S P  concentrations (Fig. 5A). Linear transforma- 
tion of these uptake data by the Wright-Hobbie 
method yielded nearly parallel lines (Fig. 5B), while 
Lineweaver-Burke transformations yielded different 
slopes and nearly identical intercepts (not shown). 

A direct comparison of 14C-GBT and %-DMSP up- 
take in the same filtrate culture revealed nearly identl- 
cal k inet~c  patterns for the 2 compounds (Fig. 6) .  The 
K,+& values were 2.0 and 3.8 nhl for GBT and DMSP 
 respective!^. The V,,,,, values were 8.4 and 8.9 nM h-',  
and the turnover times were 0.24 and 0.43 h for GBT 
and DMSP respectively. 
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- DMSP 

+ DMSP 

Added 1 4 c - ~ l ~ c i n e  betaine (nM) 

Fig. 3. Uptake kinetics of methyl-14C-glycine betaine by a 
24 h old seawater filtrate culture in the presence and absence 
of 5 nM non-labeled DMSP. (A) Uptake rate as a function of 
added I4C-GBT. (B) Wright-Hobbie linearized uptake rate 
data. The line represents a linear least squares fit to the data. 
Seawater was collected on August 15, 1996, in the Gulf of 
Mexico, 6 km south of Dauphin Island, AL, USA (30" 11' N,  
88'09'W). The water had a sallnity of 30 and was incubated 

at 25°C 

Cold chase experiment 

In Gulf of Maine samples, 5 nM 14C-GBT was taken 
up rapidly into particles, and a significant fraction of 
the isotope captured on 0.2 pm filters was retained as 
I4C-GBT over a 5 h incubation period (Fig. 7). After 
the isotope in the particulate fraction had reached 
near maximal levels (at -2 h), the addition of 1000 nM 
unlabeled GBT or DMSP (182-fold excess over label) 
caused a decline in the amount of isotope captured on 
filters (Fig. 7) .  The decline was slower than the initial 
uptake. The results suggest that a portion of the 14C- 
GBT taken up is exchangeable with the external pool, 
but apparently with slower kinetics than uptake. 

Tests of other potential competitive inhibitors 

Samples treated with compounds that have no close 
structural or chemical similarity to GBT, including glu- 

0  5 l 0 1 5 2 0 2 5 3 0  0  5 l 0 1 5 2 0 2 5 3 0  
Added glyc~ne beta~ne (nM) Added unlabeled DMSP (nM) 

Fig. 4 .  Effects of addlng different concentrations of (A) non- 
labeled glycine betame or (B) non-labeled DMSP on the up- 
take rate of 10 nM 35S-DMSP in 24 h old filtrate cultures gen- 
erated from Mobile Bay water (salinity = 11). Dotted lines 
represent the predicted rate based on simple isotope dilution 
by the amended compound. Incubation time for each sub- 
sample was 5 min. Approximately 2 h separated the GBT 
series from the DMSP senes, which ]nay explain the slightly 

different rates in the 2 series. Incubation was at 26°C 

0  10 20 30 40 

Added %-DMSP (nM) 

Fig. 5. Uptake kinetlcs of 35S-DMSP by a 24 h old seawater 
filtrate culture In the presence and absence of 10 nM added 
glycine betaine. (A) Uptake rate as a function of added 35S- 
DMSP. (B) Wright-Hobbie linearized uptake rate data. Water 
used for this experiment had a salinity of 11 and was collected 
from the pier on Dauphin Island, AL, USA. Incubation was 

at 26°C 
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0 
0 5 10 15 20 25 30 

Added 1 4 ~ - ~ ~ ~  or 3 5 ~ - ~ ~ ~ ~  (nM) 

Fig. 6. Companson of 14C-GBT ( 8 )  and 35S-DMSP (0)  uptake 
kinetics in sub-samples from a single filtrate culture. Individ- 
ual points represent the uptake rates measured at different 
concentrations. Curves represent the predicted rates based 
on Michaelis-Menten kinetics using a V,,, of 8.37 nM h-' and 
a half saturation constant (K,) of 2.04 nM for GBT and a V,,, 
of 8.94 nM h-' and a half saturation constant of 3.77 nM for 
DMSP. Klnetic parameters were derived from the Wright- 
Hobbie linearization of the uptake rate data and by assuming 
that the endogenous substrate concentration (S,,) was zero. 
Water was collected from the Dauphin Island Pier and had 

a salinity of l?. Incubation was at 27OC 

Hours 

Fig. 7. The effects of adding a non-radioactive chase of either 
GBT or DMSP on retention of I4C activity in seawater particu- 
lates after the uptake of 14C-GBT Whole seawater samples 
from the central Gulf of Maine were treated with 5.5 nM "C- 
GBT and uptake into particulates was monitored by filtration 
of samples onto 0.2 pm Supor filters. At approximately 2 h into 
the incubation, parallel sets of samples were chased with 
1000 nM additions of non-labeled GBT ( W )  or DMSP (o ) ,  whde 
another set (a) was left untreated. The amount of I4C-GET in 
the filterable material of unchased samples is also shown ( A )  

and indicated that most of the radioactivity taken up re- 
mained as untransformed 14C-GBT Each 50 m1 sample (the 
volume filtered at  each time point) received 34 800 dpm of 
"C-GBT at time zero. The salinity of these samples was 32 

and the incubation temperature was 15°C 

Table 2. Effects of various organlc compounds on short-term 
(10 mm) uptake of "C-glyclne betaine in estuarine water. All 
treatment compounds were added at a concentration of 
200 nM just prior to addit~on of l l nM "C-GBT The amount 
of I4C uptake into particles >0.2 pm was measured after 
10 min incubations, and the data are expressed as the percent 
of uptake measured in untreated controls ("C-GBT only). 
Values represent the mean 2 the range of duplicate deter- 
mination~. Salinity of the water was 11 and the incubation 

temperature was 23OC 

Treatment compound Percent of uptake in control 

None (control) 100 * 6.1 
Glycine 106 * 0.1 
Acrylic acid 97 * 3.7 
Glucose 96 k 0.4 
3-methiolpropionate 95 i 2.0 
Choline 89 * 0.9 
Carnitine 84 + 1.3 
L-glutamic acid 63 * 0.5 
L-proline 53 * 8.8 
Trigonelline 48 k 0.5 
N.N-dimethylglycine 36 r 5.7 
Proline be taine 31 k 1.0 
Dimethylsulfonioacetate 27 5 1.1 
Dimethylsulfoniopropionate 20 i 2.1 
Glycinebetaine 14 * 0.1 

cose, acrylic acid, or 3-methiolpropionate, had rates of 
14C-GBT uptake which were within 10% of the control 
rates, indicating no substantial inhibitory effects when 
these compounds were present at 20-fold excess over 
14C-GBT. On the other hand, addition of compounds 
which are more closely related to GBT produced 
greater inhibition. Of the compounds tested, the most 
potent inhibitor, other than unlabeled GBT itself, 
which gave 1 4 %  of the control, was DMSP (20% of 
control) (Table 2). Dimethylsulfonioacetate, prolinebe- 
taine and dimethylglycine produced moderately strong 
inhibition (27, 31 and 36% of controls respectively), 
while choline, carnitine, glutamic acid, proline and tri- 
gonelline showed only modest inhibition (48 to 89 % of 
controls). 

DISCUSSION 

The results presented here provide strong evidence 
that seawater microorganisms take up GBT and DMSP 
by a common, high affinity transport system. Our 
results show clearly that GBT uptake was inhibited by 
DMSP and that, conversely, DMSP uptake was inhib- 
ited by GBT (Figs. 2-5). Moreover, direct comparisons 
of the 14C-GBT and 35S-DMSP uptake kinetics in 
filtrate cultures showed that, over the range of concen- 
trations used (0.5 to 27 nM), both compounds were 
taken up at nearly the same rates and with the same 
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concentration dependence (Fig. 6).  The uptake system 
appears to be expressed constitutively in seawater 
from a variety of locations, including temperate waters 
(Kiene & Hoffmann Williams unpubl.) ,  and is able to 
rapidly scavenge DMSP and GBT at the low nanomo- 
lar concentrations expected for these compounds in 
seawater. The uptake of GBT and DMSP that we 
observed in <0.8 pm filtrate cultures can probably be 
attributed mainly to heterotrophic bacteria because 
n~icroscopic examinations showed that eucaryotes and 
cyanobacteria were much less abundant than bacteria 
at the time experiments were carried out. 

Characteristics of the uptake system 

The GBT uptake system in natural populations of 
marine nlicroorganisms displays characteristics which 
are similar in some respects to the well-studied GBT 
uptake system identified in the Enterobacteriacea 
and other bacteria (Cairney et  al. 1985, Perroud & 

LeRudulier 1985, Abee et  al. 1990, Le Rudulier et al. 
1996), particularly in regard to substrate specificity 
(Perroud & LeRudulier 1985, Gouesbet et al. 1994). As 
in the studies with Eschenchia coli, we found that close 
structural analogs, including DMSP, DMSA, and pro- 
line betaine are quite effective inhibitors of GBT 
uptake (Table 2). Other known osmoprotectant com- 
pounds with some structural similarity to GBT were 
inhibitory, but less so than the closer analogs. Proline, 
for example, gave a 53% inhibition of GBT uptake in 
our assay (Table 2). Proline is known to be transported 
by the Pro U osmoporter in bacteria, but Pro U has a 
much lower affinity for proline as compared with GBT 
(Le Rudulier et al. 1996). This may explain why proline 
exhibited only moderate inhibitory effects on GBT 
transport (Table 2; see also (Perroud & LeRudulier 
1985). From the present study, and those mentioned 
above, it seems that an  onium functionality, in close 
proximity to a carboxyl group, is critical for the recog- 
nition by this transport system. Worth mentioning 
in this regard is the possibility that other naturally 
occurring analogs of GBT, such as arsenobetaine and 
~ e t h y l s e l e n o n i u n ~ p r o p i o n a t e  (DMSeP) (the arsenic 
and selenium analogs of GBT and DMSP) (Cooke & 

Bruland 1987, Hanaoka et  al. 1987) might also be taken 
up by this system. Ansede & Yoch (1997), for example, 
have recently reported that DMSeP was taken up  and 
degraded by marine bacteria which utilized DMSP. 
Compounds lacking both of the essential functional 
groups (e.g.  glucose, acrylic acid, glycine) had no 
appreciable effects on GBT transport during our short 
assays, indicating they were not substrates for the 
uptake system. It should be noted, however, that 
enrichment of bacteria in filtrate cultures, with either 

100 pM glucose or acrylic acid as substrates, enhanced 
cell-specific GBT uptake rates after 48 h (Kiene & 

Hoffmann Williams unpubl.). 
The inhibitor results discussed above are consistent 

with several recent studies which have found GBT to 
inhibit uptake of DMSP in bacterial isolates (Wolfe 
1996, Yoch et al. 1997) or natural water samples (Kiene 
& Gerard 1995). Kiene and Gerard tested a variety of 
betaine-like compounds for effects on DMSP loss and 
degradation in coastal seawater samples and found 
that at 1 to 50 pM concentrations, GBT was a very 
effective inhibitor of DMSP degradation. In that study, 
p-alanine betaine was also found to be a potent 
inhibitor of DMSP degradation. Proline, dimethyl- 
glycine and carnitine showed intermediate effects 
on DMSP degradation, sirmlar to their effects on 
GBT uptake in the present study (Table 2). Choline 
[(CH,),N+CH,COH] on the other hand showed little 
effect on DMSP degradation (Kiene & Gerard 1995) 
or on GBT uptake (Table 2), suggesting that the 
GBT/DMSP uptake system does not effectively recog- 
nize this compound. This was the same conclusion 
reached with regard to choline uptake by the Pro U 
system in Eschencha coli (Perroud & LeRudulier 1985). 
Interestingly, choline is taken up  from the medium and 
converted to GBT in a wide variety of bacterial cultures 
(Landfald & Strom 1986, Choquet et al. 1991, Boch et  
al. 1994), and choline is present in seawater (Roulier et  
al. 1990). We have recently measured choline uptake 
in seawater and found that nanomolar levels are  
rapidly taken up  by microorganisms. K,+& values 
for choline were similar to those of GBT and DMSP 
reported here ( l e n e  1998). In addition, a substantial 
fraction of the choline taken up was converted to intra- 
cellular GBT, some of which was retained by the cells. 
Thus, choline, while not a substrate for the GBT trans- 
port system, could affect the dynamics of GBT and 
DMSP by being a source of GBT. 

A notable exception to the similarity between the 
GBT uptake systems in bacterial cultures and  in the 
natural populations is that the half saturation constants 
for GBT and DMSP uptake that we measured in the 
natural populations (apparent K, < 5 nM; Table 1)  are 
at least 3 orders of magnitude lower than those mea- 
sured for GBT in pure cultures (Cairney et al. 1985, 
Perroud & LeRudulier 1985, Abee et al. 1990). The 
Kt+Sn values for GBT measured in filtrate cultures 
ranged from 0.86 to 4.5 nM (Table 1). It is probable that 
these values mostly reflect the half saturation constant 
(K,) because the endogenous substrate concentration 
was likely to be very low. Dissolved DMSP concentra- 
tions, for example, were typically below the detection 
limit of 0.5 nM in 24 h old filtrate cultures (unpubl. 
obs.). The Kt+Sn values for GBT observed in filtrate 
cultures were similar to, but generally lower than those 
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measured in whole, unfiltered seawater from the same 
locations (range 1.2 to 49 nM) (Kiene & Hoffmann 
Williams unpubl.). Whole seawater usually contained a 
higher DMSPd concentration than the filtrate cultures 
because of the release of DMSP from phytoplankton. 
In addition, some dissolved GBT may also have been 
present, contributing to the substrate pool for the GBT 
uptake system. A higher S,, may partially explain the 
higher K,+& values observed with whole water, but 
other factors, such as the role of attached bacteria, or 
possibly phytoplankton (Hoffmann 1996), with lower 
affinities for GBT could also contribute to this observa- 
tion. The low K,+& values that we observed for GBT 
and DMSP uptake are in the same range as those 
measured for individual dissolved free amino acids in 
seawater (Fuhrman & Ferguson 1986). 

The lowest apparent half saturation constants for net 
DMSPd loss reported by Ledyard & Dacey (1996) for 
whole Vineyard Sound, MA, USA, water (28 and 
48 nM) are about a factor of 10 higher than our mea- 
sured K,+& values for I4C-GBT in filtrate cultures, but 
are comparable to those we  measured in whole sea- 
water from offshore sites in the Gulf of Mexico (22 and 
49 nM) (Kiene & Hoffmann Williams unpubl.). Ledyard 
& Dacey, however, also observed much higher appar- 
ent K,,, values (100s of nM) for net DMSP loss on some 
of their sampling dates and these were compara.ble to 
K,,, values measured in a bacterium (105 to 280 nM) 
isolated from the Sargasso Sea (Ledyard & Dacey 
1994). The half saturation constants we measured in 
filtrate cultures (Table l ) ,  and in whole water (Kiene & 
Hoffmann Williams unpubl.) using radiolabeled sub- 
strates, appear to be somewhat lower as compared 
with those determined from net DMSPd loss rates 
(Kiene & Service 1991, Ledyard & Dacey 1994, 1996, 
Kiene 199613). These differences could simply be due 
to differences in the microbial assemblages and the 
small number of data sets available for comparison, but 
could also reflect differences in the techniques em- 
ployed. Using the radiolabeled substrates, we focused 
on the very low concentration range and we used very 
short incubations (< 10 min). Measurements of DMSPd 
loss using gas chromatography typically have involved 
higher levels of added DMSP and incubation times 
of several hours. The lower affinity (high K,) DMSP 
uptake systems observed in other studies (Kiene & Ser- 
vice 1991, Ledyard & Dacey 1994, 1996, Kiene 1996b) 
might be important for bacteria which experience 
patches of high DMSPd concentration, such as those 
which might occur around a leaking phytoplankter. 

The results of the cold chase experiment (Fig. 7) sug- 
gest that a significant portion of the recently acquired 
GBT is exchangeable with the extracellular environ- 
ment. Our study did not distinguish between cell sur- 
face binding of the substrates and actual transport of 

the substrate through the cell membrane and into 
the cytoplasm. We simply captured labeled particulate 
material (cells) on filters. We speculate that, after cap- 
ture by the cells, GBT may remain bound to the cell 
surface or in the periplasm associated with a binding 
protein, awaiting further transport or degradation. The 
Pro U system which transports GBT and proline in 
Eschenchia coli has been found to consist of multiple 
components, including outer and inner membrane 
porins, as well as a specific periplasmic binding protein 
(Le Rudulier et al. 1996). Moreover, ev~dence for the 
involvement of a periplasmic binding protein in DMSP 
transport in Pseudomonas doudoroffii was recently 
found (Yoch et al. 1997). In addition to the cold chase 
results, several other lines of evidence suggest that 
GBT and DMSP are weakly held. In preliminary 
uptake experiments we observed that formalin caused 
major losses of '*C-GBT already taken into the partic- 
ulate fraction (data not shown). Our findings in this 
regard are consistent with those of Wolfe (1996), who 
found that DMSP accumulated by seawater-grown 
bacteria was released upon heat or formalin treat- 
ments. In addition, we have found that relatively harsh 
filtration, such as occurs with polycarbonate mem- 
brane filters (10 cm Hg vacuum), caused significant 
(-50 %) losses of 14C-GBT and 35S-DMSP from particu- 
lates during the first few hours of incubation, when 
most of the isotope was identifiable as untransformed 
substrate in the cells (Kiene unpubl.). After longer 
incubations, when most of the GBT or DMSP had been 
transformed, the filter differences diminished. Obvi- 
ously, further study of the GBT/DMSP uptake system 
in representative bacterial isolates from seawater will 
be needed in order to fully elucidate the mechanisms 
of GBT/DMSP transport. 

Ecological implications for the microbial community 

The GBT/DMSP transport system in seawater micro- 
organisms may function as a mechanism for acquisi- 
tion of osmoprotectants and energy substrates, as both 
DMSP and GBT are retained to some degree by natural 
bacterioplankton, in addition to being degraded (Kiene 
& Hoffmann Williams unpubl., Walker & Kiene un- 
publ.; see also Fig. 7). The requirements of marine 
bacterioplankton for osmoprotectants at the ambient 
salinities of seawater are present1.y unknown and this 
is something which needs investigation. GBT is well 
known for its ability to extend the range of salinities at 
which growth and metabolism of bacteria can take 
place (Le Rudulier & Bouillard 1983, Smith et al. 1988. 
Riou & Le  Rud.ulier 1990), and DMSP has been found to 
have this ability as well (Mason & Blunden 1989, Diaz 
et al. 1992). It is possible that sub-populations of bac- 
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teria compete for GBT and DMSP for use as either 
osmoprotectants or energy substrates. The relative 
amount of retention or degradation of these com- 
pounds might also reflect the levels of stress on micro- 
organisms, with possible stresses including osmotic 
condition, temperature or nutrient limitation. Regula- 
tion of GBT metabolism by salinity stress may explain 
why GBT degradation was considerably lower, and its 
retention in cells higher, in estuarine filtrates which 
had the salinity raised to seawater levels (35 ppt) 
(Kiene & Hoffmann Williams unpubl.). The accumula- 
tion of DMSP in marine bacteria, as a response to 
increased osmolarity of the medium (Diaz et al. 1992, 
Wolfe 1996), or as a consequence of more rapid uptake 
than degradation (Ledyard & Dacey 1994, Yoch et al. 
1997), has been observed in a number of recent stud- 
ies. Future studies should investigate the factors con- 
trolling the retention of GBT and DMSP in marine 
bacteria because this phenomenon could slow degra- 
dation of these compounds, and could also affect 
growth and metabolism of microorganisms if the com- 
pounds are used as osmolytes. 

Biogeochemical implications 

The existence of a hlgh affinity uptake system for GBT 
and DMSP in seawater microbes is probably responsible 
for maintaining low pseudo-steady-state dissolved con- 
centrations of these substrates in seawater. The concen- 
trations of dissolved GBT in seawater have not yet been 
determined because currently available methods are not 
sensitive enough to detect it at nM levels in seawater. 
Dissolved DMSP (DMSPd), on the other hand, has been 
measured at concentrations ranging from 1 to 100 nM in 
surface waters, with most concentrations in non-phyto- 
plankton bloom situations being less than 10 nM (Turner 
et al. 1988, Kiene 199613). It might be expected that dis- 
solved GBT concentrations would fall within this same 
range, and recent kinetic studies using whole sea-cvater 
support this supposition (Kiene & Hoffmann Williams 
unpubl.). Because dissolved DMSP and, by inference, 
GBT are released during food web processes (Chnstaki 
et al. 1996), their efficient scavenging will result in short 
turnover times. This inference is supported by the find- 
ings of several recent studies. Turnover times for DMSPd 
on the order of hours in Gulf of Mexico waters, and hours 
to days in Sargasso Sea and Vineyard Sound waters 
have been determined using gas-chromatography- 
based measurements of DMSP losses (Kene 1996b, 
Ledyard & Dacey 1996). Turnover times for GBT in Gulf 
of Mexico waters, based on kinetic analyses, were less 
than 12 h (Kene & Hoffmann Williams unpubl.). 

Our finding that GBT and DMSP uptake are similar 
(Fig. 6) argues that '"C-GBT could serve as a useful 

proxy for estimating DMSP uptake and turnover rates. 
I4C-GBT is easily, and inexpensively, made from com- 
mercially available I4C-choline (King 1987), and may 
be more readily obtained than radiolabeled DMSP. Our 
preliminary direct comparisons of I4C-GBT and 35S- 
DMSP uptake kinetics (Fig. 6) suggest that quantitative 
rate data based on GBT uptake will be close to those for 
DMSP, within a reasonable margin of error. Rigorous 
proof of this contention will require further testing. 

Potential interactions between GBT and 
DMSP in seawater 

The nearly identical uptake patterns we observed for 
both GBT and DMSP (Fig. 6), and the evidence that 
they act as competitive inhibitors of their respective 
uptake, argue that the fates of these compounds will 
be  intimately linked. Release of one compound might 
inhibit the uptake and degradation of the other, at least 
in the short term. Kiene & Service (1993) found that 
additions of 0.5 to 5 pM GBT caused DMS concentra- 
tions to increase in seawater, most likely because GBT 
caused dissolved DMSP to accumulate. Kiene & Ger- 
ard (1995) subsequently confirmed that GBT was a 
potent inhibitor of DMSP degradation in seawater and 
that it caused DMSPd to accumulate. These same 
authors pointed out that the availability of GBT could 
also affect the relative magnitude of competing degra- 
dation pathways (cleavage vs demethylation) for 
DMSP. For example, if GBT is particularly abundant, 
the demethylation pathway might utilize the methyl 
groups of GBT and leave more DMSP available for 
cleavage to DMS. Such an interaction might help to 
explain the large variability in the yields of DMS 
observed during DMSP degradation in coastal and 
oceanic waters (Kiene 1996a, Ledyard & Dacey 1996). 
It is also conceivable that, over longer time scales, high 
levels of one compound might stimulate metabolism of 
the other due to induction of uptake/degradation sys- 
tems and selection of DMSP/GBT utilizing microbial 
populations. The latter may explain why, in a previous 
study, DMSP degradation resumed only 6 h after addi- 
tion of a 1000-fold excess of GBT (Kiene & Gerard 
1995). Undoubtedly, future research on the use of GBT 
and DMSP by microbial communities will face no 
shortage of interesting and challenging questions. 
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