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Introduction

Most marine organisms are osmoconformers, having internal osmotic pressures equal to seawater at about 1000 mOsm. However, their cells do not have high salt concentrations; instead their cells accumulate intracellular organic osmolytes to about 600 mOsm (with 400 mOsm from basic inorganic and organic solutes). Marine invertebrates and algae use primarily neutral amino acids (e.g., glycine, taurine) and polyols (e.g., inositol). Invertebrates may also have methylamines, especially glycine betaine (hereafter called betaine) and trimethylamine N-oxide (TMAO). Vertebrate osmoconformers include cartilaginous fishes, which use urea and TMAO. Except for urea, organic osmolytes are used because, unlike common inorganic ions, most do not perturb proteins, i.e., they are "compatible" solutes. Moreover, many osmolytes—especially methylamines—enhance the function and structure of proteins and can counteract effects of perturbants such as urea (a protein destabilizer) and NaCl. For example, shallow-water cartilaginous fishes have urea typically at 300-400 mM as an osmolyte, accompanied by TMAO at 150-200 mM in muscle cells (Yancey, 2001).  At this ratio (about 2:1), urea’s inhibitory effects are often fully offset by TMAO’s stabilizing effects. 

Most other marine vertebrates are osmoregulators, having internal fluids less than 1000 mOsm. In shallow marine teleosts, TMAO can be a significant cellular solute, but at less than 70 mmol/kg, leaving the animals hypo-osmotic—typically at about 350-400 mOsm. However, our recent studies have revealed an approximately linear increase in TMAO contents of white muscle with depth in several families of teleosts, rising to 288 mmol/kg wet wt in a morid cod from 2900 m (Gillett et al., 1997; Kelly and Yancey, 1999). In this study, we examine a fish from a much greater depth to determine whether this trend continues. 

We also continue testing our hypothesis that TMAO (as a general protein stabilizer) counteracts the inhibitory effects of hydrostatic pressure on proteins (Gillett et al., 1997). While some deep-sea proteins have evolved resistance to pressure effects, some exhibit significant pressure sensitivities and thus seem incompletely adapted (Siebenaller and Somero, 1978). We have found that TMAO can counteract these effects. Two examples are the ADP Km of pyruvate kinase (PK) and the NADH Km of lactate dehydrogenase (LDH). Both Kms are pressure-sensitive for deep-sea as well as shallow PK and LDH homologues, but TMAO can offset most or all inhibition. Here, we examine other common osmolytes (betaine, glycine, and myo-inositol) to determine whether TMAO is unique as a stabilizer against pressure.

Materials and Methods

Atlantic grenadiers (Coryphaenoides armatus) were collected by net from 4.8 km on the Porcupine Abyssal Plain (North Atlantic) and frozen at –80˚C. White muscle tissue was analyzed for TMAO according to Kelly and Yancey (1999). LDH from this species was purified (Yancey et al., 2001) and PK from rabbit muscle and other chemicals were purchased from Sigma Chemicals. Kinetics were analyzed as described by Yancey et al. (2001).
Results and Discussion

Activity of LDH from C. armatus was tested at 30 µM NADH. TMAO, but not betaine, glycine or myo-inositol, was able to counteract inhibition at 500 atm (50 MPa) completely (Table 1). The APD Km of rabbit PK (selected as a model system) was increased by 250 atm from 1.8 to 2.2 mM; this inhibitory effect was completely counteracted by TMAO, partly counteracted by betaine, and not altered by glycine and myo-inositol (Table 1). These results support the hypothesis that TMAO is unique among common osmolytes as an adaptation for offsetting pressure effects in the deep.

Table 1. Effect of 250 mM solutes on activity of grenadier LDH and ADP Km of rabbit PK. Data are expressed as percentages of control activity at 1 atm (0.1 MPa) with no osmolyte; * indicates significant difference from control. Note that an increase in Km indicates inhibition.

No osmolyte
TMAO
Betaine
Glycine
Inositol

Grenadier LDH activity at 500 atm (50 MPa)

86% + 2*
99% + 3
88% + 3*
86% + 4*
84% + 3*

Rabbit PK ADP Km at 250 atm (25 MPa)

121% + 6*
95% + 4
105% + 3*
120% + 5*
115% + 4*

Muscle tissue of Atlantic grenadiers (C. armatus) from 4.8 km contained TMAO at 261 + 12 mmol/kg (n=5). This precisely fits a linear depth trend extrapolated from previous data on Pacific grenadiers (various species including C. armatus) and cods from shallower depths (Fig. 1). This linear depth correlation lends further support to the hypothesis that TMAO accumulation is related to pressure, the only environmental factor that is also linear with depth.
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Figure 1. TMAO contents in muscles of cods from shallow water and grenadiers from deep waters. Triangles are from Kelly and Yancey (1999); the circle is new data.
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