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Summary. The kinetic propert ies-apparent  K m of 
pyruvate, pyruvate inhibition pattern, and maximal 
ve loc i ty -o f  M4 (skeletal muscle) lactate dehydro- 
genases of marine elasmobranch fishes resemble 
those of the homologous lactate dehydrogenases of 
non-elasmobranchs only when physiological concen- 
trations of urea (approximately 400mM) are present 
in the assay medium. Urea increases the apparent K m 
of pyruvate to values typical of other vertebrates 
(Fig. 2), and reduces pyruvate inhibition to levels seen 
with other Ms-lactate dehydrogenases (Fig. 3). Urea 
reduces the activation enthalpy of the reaction, and 
increases Vma ~ at physiological temperatures (Fig. 4). 

The Ms-lactate dehydrogenase of the freshwater 
elasmobranch, Potamotrygon sp., resembles a teleost 
lactate dehydrogenase, i.e., although it is sensitive to 
urea, it does not require the presence of urea for the 
establishment of optimal kinetic properties. 

Introduction 

Marine elasmobranch fishes utilize urea to attain an 
isosmotic (or slightly hyperosmotic) state relative to 
sea water. Urea concentrations in the extra- and 
intracellular fluids range from 300 to over 500mM 
(Smith, 1929; Forster and Goldstein, 1976; Chan and 
Wong, 1977). The reduction of osmotic gradients 
appears of obvious benefit to marine elasmobranchs, 
but the use of urea to achieve this end seems rather 
paradoxical. Urea is an effective protein denaturing 
agent, exerting its effects by interfering with hydrogen 
bonds (Hermans, 1966), hydrophobic interactions 
(Wetlaufer et al., 1964), and the structure of water 
(Finer et al., 1972). Indeed, concentrations of urea in 
the physiological range for marine elasmobranchs are 
known to have adverse effects on the structure and 
function of many proteins of non-elasmobranchs, 

including collagen (Fessler and Tandberg, 1975), 
mammalian hemoglobin (Rossi Fanelli et al., 1964), 
and numerous enzymes (Inagaki, 1959; E16di and 
Jecsai, 1960; Rajagopalan et al., 1961; Wilk et al., 
1969; Nandi, 1971; Yu and Gunsalus, 1974). 

These findings raise the following question: Has 
the incorporation of urea as an osmoregulatory agent 
in the body fluids of marine elasmobranchs necessi- 
tated adaptations in elasmobranch proteins 'which 
counteract the disruptive effects of urea on these 
molecules? For two types of proteins, available.' data 
suggest that this is the case. Elasmobranch hemo- 
globin, unlike mammalian hemoglobin, is insensitive 
to urea at physiological concentrations (Bonaventura 
et al., 1974), and shark eye-lens protein actually re- 
quires urea for proper conformation (Zigman et al., 
1965). However, in the case of enzymes, which repre- 
sent the greatest number and diversity of proteins, 
essentially no information on urea adaptations is 
available. The studies discussed below were conduct- 
ed to determine whether homologues of muscle-type 
(Ms) lactate dehydrogenase (LDH, E.C. 1.1.1.27; 
NAD+:lactate  oxidoreductase) from marine elas- 
mobranchs, on the one hand, and freshwater elas- 
mobranchs, teleosts and mammals, on the other, dif- 
fer in their responses to physiological concentrations 
of urea. Our results show that the LDH's of marine 
elasmobranchs actually require the presence of urea 
for correct pyruvate binding ability, insensitivity to 
high substrate inhibition, and optimal catalytic 
activity. 

Materials and Methods 

The following animals were used in this study: Teleost fishes 
-Trematomus (=Pagothenia) borchgrevinki (Nototheniidae); Seb- 
astolobus alascanus (Scorpaenidae); Hippoglossus stenolepis, pacific 
halibut (Pleuronectidae); Gillichthys mirabilis, mudsucker (Go- 
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Fig. 1. Double reciprocal plot of reaction velocity versus substrate 
concentration, showing competitive inhibition of M4-LDH's by 
urea. o, v, assays without urea; o, ,7, assays with 400mM urea. 
Halibut enzyme was assayed at 10 ~ white shark enzyme at 20 ~ 

biidae); Thunnus thynnus, bluefin tuna (Scombridae); Hypostomus 
plecostomus, Amazon armored catfish (Loricariidae); Elasmo- 
branch fishes-Carcharodon carcharias, white shark (Lamnidae); 
Rhinobatos productus, shovelnose guitarfish (Rhinobatidae); Par- 
maturus xaniurus, filetail cat shark (Scylliorhinidae); Potamotrygon 
sp. (freshwater stingray; Potamotrygonidae); Mammal-rabbit. 

M4-LDH's from halibut, bluefin tuna, and white shark were 
generously provided by the laboratory of Dr. N.O. Kaplan. Rabbit 
enzyme was purchased fiom Sigma Chemical Company, St. Louis, 
Mo. M4-LDH's from the remaining organisms were purified on an 
oxamate-Sepharose affinity column as previously described (Yan- 
cey and Somero, 1978). Measurement of enzyme activity and 
calculation of apparent Michaelis constants  (Kin ~) for pyruvate and 
theoretical maximai velocities (Vma~) also followed procedures pre- 
viously described (Yancey and Somero, 1978), but using only 
80 mM imidazole-HC1 buffer, which mimics the observed depen- 
dency of intracellular pH on temperature (Rahn et al., 1975). When 
appropriate, assay solutions also contained 400 mM urea, an ap- 
proximate average of reported urea concentrations in marine elas- 
mobranchs (Smith, 1929; Forster and Goldstein, 1976). 

All reagents were purchased from Sigma Chemical Company, 
St. Louis, Mo. Urea solutions were made fresh daily and treated 
with Amberlite, a mixed-bed ion exchanger, to remove any iso- 
cyanate and ammonium ions. 

Results 

Urea Inhibition 

Urea was found to be a competi t ive inhibitor of  
pyruvate  binding by teleost and eIasmobranch M 4- 
L D H ' s  (Fig. 1), as has been reported for rabbit  en- 
zyme (Rajagopalan  et al., 1961; Wi thycombe  et al., 

The symbol K m has been used throughout this paper to signify 
apparent  K m 

1965). This inhibition is reversible, independent  of 
time, and is more  effective at lower temperatures;  
Ki's for urea average about  6 0 0 m M  at 10~ and 
about  1200 m M  at 25 ~ 

Apparent K m Values 

As has been previously demonst ra ted  (Yancey and 
Somero,  1978), the K m values for pyruvate  of  non- 
e lasmobranch  M 4 - L D H ' s  are very similar when mea- 
sured at respective body  temperatures  and intracel- 
lular pH  values, all Km'S falling in the range of  about  
0.15 to 0.35 m M  in this assay system (Fig. 2). Potam- 
otrygon sp., a member  of  the only family of  elasmo- 
branchs  permanent ly  adapted  to freshwater and which 
cannot  retain urea even if placed in sea water (Gerst 
and Thorson,  1977), also fits this pattern. In urea-free 
medium, its M 4 - L D H  has K m values for pyruvate  
similar to those of teleost fish L D H ' s  (Fig. 2). The 
white shark, guitarfish, and cat shark enzymes, on the 
other hand, do not  fit this pat tern if assayed without  
urea (dotted lines, Fig. 2). However,  when determined 
with 400 m M  urea in the assay mixture, the Km'S of 
the M 4 - L D H ' s  from these marine elasmobranchs fall 
completely within the range of  the other vertebrate 
Km'S (open symbols). 

Substrate Inhibition 

At high pyruvate  concentrat ions,  L D H ' s  become in- 
hibited, probably  by the format ion of  an 
eno lpy ruva t e -NAD § abort ive complex (Everse and 
Kaplan,  1973; 1975). Inhibi t ion of  H 4 (heart muscle) 
L D H ' s  is much  greater than  that  of  M4-LDH' s ,  
largely because of  their much  higher affinity for py- 
ruvate (Everse and Kaplan,  1973). In this study, te- 
leost, rabbit, and Potamotrygon enzymes showed a 
typical M4 response to high pyruvate, while the en- 
zymes of  the marine e lasmobranchs did not  unless 
urea was present at 400 mM. Representative data  are 
presented in Figure 3, showing that  urea significantly 
reduces inhibition of  guitarfish M 4 - L D H  by high 
concentra t ions  of  pyruvate. Thus a second impor tan t  
attr ibute of  M 4 - L D H  function is present in marine 
e lasmobranch L D H ' s  only when physiological  con- 
centrations of  urea are present. 

Activation Enthalpies and Maximal  Velocities 

A careful examinat ion of the data  reveals another  
effect of  urea on M 4 - L D H ' s :  a small but  consistent 
reduct ion in activation enthalpies (AH*). This effect 
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Fig.2, Effect of temperature and urea on apparent Michaelis constants (Km's) for pyrnvate of M4-LDH's, assayed at approximate 
physiological pH values as described by Yancey and Somero (1978). Assays without urea: I ,  non-elasmobranch enzymes;., ~, A0 , ,  
elasmobranch enzymes. Assays with 400mM urea: o, v, o, marine elasmobranch enzymes. Solid lines connecting K~,'s represent 
approximate temperature ranges of these species (Trematomus plot is extrapolated below 0~ 95 % confidence limits are indicated 
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Fig.3. Substrate saturation curves for M4-LDH's: percent of highest experimental velocity versus pyruvate concentration, o, ,,, assays 
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Fig. 4. Arrhenius plot of log V,,ax (not turnover number) versus the 
reciprocal of temperature, showing the effect of urea on activation 
energies (proportional to the slopes), o, i, v, assays without urea; 
o, a, ,7, assays with 400mM urea (V~.'s were found to be 
independent of pH in the range 6.6-7.5 and were determined in 
phosphate buffer, pH 7.4). 95 % confidence limits are shown except 
where smaller than symbol size. Inset table shows activation 
enthalpies calculated from the data by linear regression 
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for several enzymes is shown in Figure4, an Ar- 
rhenius plot of log Vma x versus the reciprocal of tem- 
perature. Urea decreases the slope (and hence the 
AH*), resulting in higher catalytic rates at low tem- 
peratures and reduced rates at high temperatures. 
Similar results were found for every M4-LDH used in 
this study. Thus, since urea changes Vmax'S slightly, 
inhibition by urea is not strictly competitive except at 
a single temperature for each enzyme. However, com- 
petition with pyruvate and alteration of catalytic 
efficiency may be independent effects. We have found 
that, at temperatures below 25 ~ urea increases the 
apparent  K m of N A D  § (unpublished data), and thus 
the increase in Vma x due to urea may be the result of 
facilitation of N A D  + release from the enzyme. The 
latter event is thought to be the rate-limiting step in 
the L D H  reaction when conducted in the direction of 
pyruvate reduction (Everse and Kaplan,  1973). 

Discussion 

There is some evidence that marine elasmobranchs 
require elevated concentrations of urea at all times. 
Dogfish (Mustetis canis) eye-lens protein will pre- 
cipitate at temperatures below 10~ unless at least 
2 5 0 m M  urea is present (Zigman et al., 1965). The 
heart of another shark (Squalus sucklii) would not 
beat in vitro unless bathed with at least 200 mM urea 
(Simpson and Ogden, 1932). Elasmobranch embryos 
contain normal  adult urea concentrations even when 
encased in impermeable egg membranes which pre- 
vent osmotic contact with seawater (Price and Dai- 
ber, 1967). Even euryhaline elasmobranchs retain a 
minimum 100~200 m M  urea when adapted to fresh- 
water (Smith, 1931; Thorson et al., 1973). The results 
of the present study demonstrate that marine elas- 
mobranchs, which retain high concentrations of urea, 
actually require this urea for proper functioning of 
their M4-1actate dehydrogenases. This is seen in at 
least two properties of this enzyme: 1) pyruvate g m 
values, and 2) substrate inhibition. 

Pyruvate K m Values 

The data of Figure 2 show that there is an optimal 
range of pyruvate Km'S for vertebrate M4-LDH's,  
about  0.15 to 0.35 mM under the conditions of this 
study; e.g., teleost fishes living at 10~ have enzymes 
with Km'S at this temperature similar to the Kr, of the 
rabbit  enzyme at 38~ The M4-LDH of Potamo- 
trygon, a freshwater elasmobranch which has lost the 
ability to retain high amounts of urea (Gerst and 
Thorson, 1977), fits this pattern without urea, indicat- 
ing that this optimal range of Kr,'S defined by the 
teleost and mammal ian  M4-LDH's  is applicable to 
elasmobranch enzymes as well. Thus the K m values 
for pyruvate of vertebrate M4-LDH's  appear to be 
under strict control by natural selection. Since urea is 
a strong competitive inhibitor of pyruvate binding by 
all vertebrate M4-LDH's  examined (Fig. 1; Whithy- 
combe et al., 1965), marine elasmobranch homologues 
should therefore have some mechanism to compen- 
sate for this effect of urea. It is apparent  from Fig- 
ure 2 that the enzymes of marine elasmobranchs are 
adapted to urea by having higher affinities 2 for py- 
ruvate (lower Km's ) which urea, through competitive 
inhibition, lowers to the appropriate  functional level 

2 Use of the term ~176 is not meant to imply that the 
apparent K m of pyruvate is a quantitative measure of the dissocia- 
tion constant of pyruvate, a relationship that has not been estab- 
lished for LDH's, but rather the term is employed as an index of 
an enzyme's capacity to initiate catalysis under conditions of non- 
saturating substrate concentrations (see Atkinson, 1976) 
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as judged by the affinities of other vertebrate M 4- 
LDH's. Without this inherently higher affinity for 
pyruvate, the marine elasmobranch homologues 
would have too weak pyruvate binding in the pre- 
sence of urea. 

Enzyme substrate affinities are likely to have se- 
lective value for several interrelated reasons (Atkin- 
son, 1976; Somero and Low, 1977). In the case of M 4- 
LDH, a homologue with too high a g m (low affinity) 
relative to intracellular concentrations of pyruvate 
may never use most of its catalytic potential. An M 4 

with too low a K m will be working at or near its 
maximum velocity all of the time; in a resting muscle 
it will be reducing pyruvate that should be channeled 
into the Krebs cycle. In either case, the enzyme could 
not quickly metabolize increasing amounts of py- 
ruvate during anaerobiosis and thus would allow 
substrate concentrations to accumulate to dangerous 
levels (Atkinson, 1976). An "ideal" M4-LDH will 
probably have a K m somewhat greater than pyruvate 
concentrations in resting muscle; such an enzyme will 
not interfere with oxidative metabolism during rest- 
ing periods, can respond quickly to increasing py- 
ruvate levels and yet have substantial catalytic ca- 
pacity in reserve for periods of extreme anaerobiosis. 

This reasoning leads to two predictions: 1) Km'S 

of a single M4-LDH should change with temperature 
in the direction that intracellular pyruvate concen- 
trations change; and 2) organisms with similar in- 
tracellular pyruvate levels should have M4-LDH's 
with similar Km's. The enzymes examined in this 
study fit these predictions. Where they have been 
measured, steady-state pyruvate concentrations in 
skeletal white muscle increase with temperature in a 
single animal, about 6-fold (0.06 to 0.37 mM) from 
5~ to 25~ in goldfish (calculated from Freed, 
1971), and about 2-fold (0.05 to 0.11 mM) from 2~ 
to 20~ in frogs (calculated from Sacks et al., 1954). 
The Km'S in Figure2 show similar changes with 
temperature; over a range of 20~ white shark Km'S 

would increase about 2-fold, bluefin tuna closer to 3- 
fold. Furthermore, pyruvate concentrations in resting 
white muscles are quite similar among vertebrates: 
0.11mM in trout, 11.5~ (Black et al., 1962); 
0.12 mM in carp, 8 14~ (Wittenberger and Diaciuc, 
1965); 0.14 mM in fed eels, 0.37 mM in starving eels, 
15~ (Mayerle and Butler, 1971); 0.06 to 0.37 mM in 
goldfish, 5 to 25~ (Freed, 1971); 0.11 mM in frogs, 
20~ (Sacks et al., 1954); 0.33mM in dogs, 38~ 
(Vesell and Pool, 1966); 0.18 mM in rats (Bollman 
and Flock, 1939). Thus a similarity in K='s of verte- 
brate M4-LDH's is not surprising. In addition, since 
pyruvate levels appear to be higher in mammals than 
in most ectotherms, Km's of mammalian M4-LDH's 
should be at the higher end of the range in Figure 2; 

rabbit enzyme fits this prediction. Differences in Km'S 
of organisms adapted to similar temperatures (e.g., 
tuna and guitarfish at 15~ may reflect somewhat 
different steady-state rates of glycolysis or different 
levels of basal metabolism. 

Substrate Inhibition 

Inhibition by high concentrations of pyruvate proba- 
bly has adaptive significance for the function of H4- 
LDH's in aerobic tissues (Everse and Kaplan, 1973; 
1975), but could critically impair the function of M 4- 

LDH's. If local intracellular concentrations of py- 
ruvate ever reach 2 mM during anaerobiosis, marine 
elasmobranch enzymes without urea would be in- 
hibited and in fact lose activity with any further 
increase in pyruvate levels, potentially resulting in a 
tremendous accumulation of this substrate (Atkinson, 
1976). But with urea present the enzymes are not fully 
saturated until 3 or 4 raM, adding a large margin of 
safety similar to that possessed by other vertebrate 
M4-LDH's (Fig. 3). 

Urea does little to the substrate inhibition pat- 
terns of non-elasmobranch M,-LDH's, which are al- 
ready fairly insensitive to high pyruvate concen- 
trations. Thus the increased sensitivity of marine 
elasmobranch M4-LDH's to substrate inhibition is 
probably not a direct adaptation to urea, but may 
simply be a consequence of a reduced pyruvate K m: a 
higher affinity for pyruvate, necessary as an adap- 
tation to urea, also means a higher affinity for the 
enolpyruvate-NAD § abortive complex 'Everse and 
Kaplan, 1973). 

Activation Enthalpies and Maximal Velocities 

The effect of urea on the AH* values of the marine 
elasmobranch LDH reactions appears to be of some 
biological significance. Since the body temperatures 
of the guitarfish, cat shark and white shark lie below 
20-25~ the temperatures at which the Arrhenius 
plots intersect (Fig. 4), the increased activity of the 
enzyme in the presence of urea at temperatures below 
20-25 ~ will enhance rates of pyruvate reduction in 
these three species. 

It is interesting that, in the absence of urea, the 
catalytic efficiencies (measured as substrate turnover 
numbers) of marine elasmobranch M4-LDH's may be 
intermediate between those of birds and mammals, 
on the one hand, and marine teleost fishes, on the 
other (Pesce et al., 1967). In the presence of ~rea, the 
activities of marine elasmobranch LDH's are closer 
to the activities characteristic of marine teleost M 4- 
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LDH's .  Thus  in a third manner ,  urea may be neces- 
sary to enable the M 4 - L D H ' s  of mar ine  elasmo- 
b ranch  to resemble, in their funct ional  properties,  the 
homologous  enzymes of mar ine  teleosts. 

Concluding Remarks 

A wide variety of enzymes and  substrates have been 
found to be competi t ively inhibi ted by urea  (Inagaki,  
1959; Ra jagopa lan  et al., 1961; Nandi ,  1971). The 

molecular  basis of this compet i t ion  is not  k n o w n ;  
urea is not  a s tructural  analogue  of any of the af- 

fected substrates.  A l though  a mechan i sm cannot  be 
de termined from kinetic analysis (Laidler and  Bunt-  
ing, 1973), the competi t ive na ture  of the inh ib i t ion  
suggests that  urea blocks substrate  b ind ing  at the 
active site of enzymes. As a hyd rogen -bond ing  agent, 

urea may be able to replace water b o u n d  to impor-  
t an t  active-site amino  acids and have to be displaced 
by the substrate  (see discussion by Ra jagopa lan  et al., 
1961). 

Conserva t ion  of apparen t  substrate  Km'S has been 
demons t ra ted  for m a n y  enzymes (Kobayashi  et al., 
1974; Wedler  and  Hof fmann ,  1974), inc luding verte- 
brate acetylcholinesterases (Baldwin, 1971) and  py- 
ruvate kinases (Low and Somero, 1976) as well as 
M4-LDH' s  (Hochachka  et al., 1976; present  study). 
This indicates that  the selective impor tance  of sub- 
strate affinity is p robab ly  a general  rule. Since com- 
petit ive inh ib i t ion  by urea appears to be a c o m m o n  
p h e n o m e n o n  among  enzymes, m a n y  e lasmobranch  
enzymes may have adapted  to urea by increasing 
their affinities for substrates.  For  this and  no doub t  
other reasons,  urea has become an essential require- 
men t  for mar ine  e l a smobranch  biochemistry.  

These studies were supported by NationaI Science Foundation 
grant PCM-09498. 

References 

Atkinson, D.E.: Adaptations of enzymes for regulation of catalytic 
function. Biochem. Soc. Syrup. 41, 205-223 (1976) 

Baldwin, J.: Adaptation of enzymes to temperature: acetylchofin- 
esterases in the central nervous system of fishes. Comp. Bio- 
chem. Physiol. 40B, 181-187 (1971) 

Black, E.C., Connor, A.R., Lam, K.-C., Chiu, W.-G.: Changes in 
glycogen, pyruvate, and lactate in rainbow trout (Salmo gaird- 
ner O during and following muscular activity. J. Fish. Res. Bd. 
Canada 19, 409-436 (1962) 

Bollman, J.L., Flock, E.V.: Pyruvate in working muscles of normal 
and vitamin Bz-deficient rats. J. biol. Chem. 130, 565-571 
(1939) 

Bonaventura, J., Bonaventura, C., Sullivan, B.: Urea tolerance as a 
molecular adaptation of elasmobranch hemoglobins. Science 
186, 57 59 (1974) 

Chan, D.K.O., Wong, T.M.: Physiological adjustments to dilution 
of the external medium in the lip-shark Herniscyllium plagiosum 
(Bennett). J. exp. Zool. 200, 71 84 (1977) 

El6di, P., Jecsai, Gy.: Studies on D-glyceraldehyde-3-phosphate 
dehydrogenase. XV. The effect of urea. Acta physiol. Acad. Sci. 
hung. 17, 175-182 (1960) 

Everse, J., Kaplan, N.O.: Lactate dehydrogenase: structure and 
function. Advanc. Enzymol. 37, 61 133 (1973) 

Everse, J., Kaplan, N.O.: Mechanisms of action and biological 
functions of various dehydrogenase isozymes. In: Isozymes, 
Vol. II. Physiological function (ed. C.L. Markert), pp. 29-44. 
New York-San Francisco-London: Academic Press 1975 

Fessler, J.H., Tandberg, W.D.: Interactions between collagen 
chains and fiber formation. J. Supramol. Struct. 3, 17 23 (1975) 

Finer, E.G., Franks, F., Tait, M.J.: Nuclear magnetic resonance 
studies of aqueous urea solutions. J. Amer. chem. Soc. 94, 
4424-4429 (1972) 

Forster, R.P., Goldstein, L.: Intracellular osmoregulatory role of 
amino acids and urea in marine elasmobranchs. Amer. J. 
Physiol. 230, 925-931 (1976) 

Freed, J.M.: Properties of muscle phosphofructokinase of cold- 
and warm-acclimated Carassius auratus. Comp. Biochem. Phy- 
siol. 39B, 747-764 (1971) 

Gerst, J.W., Thorson, T.B.: Effects of saline acclimation on plasma 
electrolytes, urea excretion, and hepatic urea biosynthesis in a 
freshwater stingray, Potamotrygon sp. Garman, 1877. Comp. 
Biocfiem. Physiol. 56A, 87-93 (1977) 

Hermans, J. Jr.: The effect of protein denaturants on the stability 
of the co-helix. J. Amer. chem. Soc. 88, 2418~422 (1966) 

Hochachka, P.W., Norberg, C., Baldwin, J., Fields, J.H.A.: 
Enthalpy-entropy compensation of oxamate binding by homo- 
logous lactate dehydrogenases. Nature (Lond.) 260, 648-650 
(1976) 

Inagaki, M.: Denaturation and inactivation of enzyme proteins. 
XI. Inactivation and denaturation of glutamic acid dehydro- 
genase by urea, and the effect of its coenzyme on these pro- 
cesses. J. Biochem. (Tokyo) 46, 893-901 (1959) 

Kobayashi, S., Hubbell, H.R., Orengo, A.: A homogeneous, ther- 
mostable deoxythymidine kinase from Bacillus srearother- 
mophilus. Biochemistry 13, 4537-4543 (1974) 

Laidler, K.J., Bunting, P.S.: The chemical kinetics of enzyme 
action, second edition, pp. 91 110. Oxford : Clarendon Press 1973 

Low, P.S., Somero, G.N.: Adaptation of muscle pyruvate kinases 
to environmental temperatures and pressures. J. exp. Zool. 198, 
1-12 (1976) 

Mayerle, J.A., Butler, D.G.: Effects of temperature and feeding on 
intermediary metabolism in North American eels (AnguiIla 
rostrata LeSueur). Comp. Biochem. Physiol, 40A, 1087-1095 
(1971) 

Nandi, D.L.: Inhibition of &aminolevulinic acid dehydratase of 
Rhodopseudomonas spheroides by urea, guanidine and methyl 
derivatives of urea. Arch. Biochem. Biophys. 142, 157-162 
(1971) 

Pesce, A., Fondy, T.P., Stolzenbach, F., Castillo, F., Kaplan, N.O.: 
The comparative enzymology of lactic dehydrogenases. III. 
Properties of the HA and M4 enzymes from a number of 
vertebrates. J. biol. Chem. 242, 2151~2167 (1967) 

Price, K.S. Jr., Daiber, F.C.: Osmotic environments during fetal 
development of dogfish, MusteIus canis (Mitchill) and Squalus 
acanthias Linnaeus, and some comparisons with skates and 
rays. Physiol. Zool. 40, 248-260 (1967) 

Rahn, H., Reeves, R.B., Howell, B.J.: Hydrogen ion regulation, 
temperature, and evolution. Amer. Rev. resp. Dis. 112, 165-172 
(1975) 

Rajagopalan, K.V., Fridovich, I., Handler, P.: Competitive in- 
hibition of enzyme activity by urea. J. biol. Chem. 236, 1059- 
1065 (1961) 



P.H. Yancey and G.N. Somero: Urea-Requiring Lactate Dehydrogenases 141 

Rossi Fanelli, A., Antonini, E., Caputo, A.: Hemoglobin and 
myoglobin. Advanc. Protein Chem. 19, 73 222 (1964) 

Sacks, J., Ganslen, R.V., Diffee, J.T.: Lactic and pyruvic acid 
relations in frog muscle. Amer. J. Physiol, 177, 113-114 (1954) 

Simpson, W.W,, Ogden, E.: The physiological significance of urea. 
I. The elasmobranch heart, J. exp. Biol. 9, 1-5 (1932) 

Smith, H.W.: The composition of the body fluids of elasmo- 
branchs. J. biol. Chem. 81,407-419 (1929) 

Smith, H.W.: The absorption and excretion of water and salts by 
the elasmobranch fishes. I. Fresh water elasmobranchs. Amer. 
J. Physiol. 98, 279-295 (1931) 

Somero, G.N., Low, P.S.: Eurytolerant proteins: mechanisms for 
extending the environmental tolerance range of enzyme-ligand 
interactions. Amer. Natur. 111, 527 538 (1977) 

Thorson, T.B., Cowan, C.M., Watson, D.E.: Body fluid solutes of 
juveniles and adults of the euryhaline bull shark Carcharhinus 
leucas from freshwater and saline environments. Physiol. Zool. 
46, 29 42 (1973) 

Vesell, E.S., Pool, P.E.: Lactate and pyruvate concentrations in 
exercised ischemic canine muscle. Relationship of tissue sub- 
strate level to lactate dehydrogenase isozyme patterns. Proc. 
nat. Acad. Sci. (Wash.) 55, 756-762 (1966) 

Wedler, F.C., Hoffmann, F.M.: Glutamine synthetase of Bacillus 

stearothermophilus. I. Purification and basic properties. 
Biochemistry 13, 3207-3214 (1974) 

Wetlaufer, D.B., Malik, S.K., Stoller, L., Coffin, R.L,: Nonpolar 
group participation in the denaturation of proteins by urea and 
guanidinium salts. Model compound studies. J. Amer. chem. 
Soc. 86, 508 514 (1964) 

Wilk, S., Meister, A., Haschemeyer, R.H.: Studies on the subunit 
structure of ovine brain glutamine synthetase. Biochemistry 8, 
3168-3174 (1969) 

Withycombe, W.A., Plummet, D.T., Wilkinson, J.H.: Organ speci- 
ficity and lactate dehydrogenase activity. Differential inhibition 
by urea and related compounds. Biochem. J. 94, 384-389 (1965) 

Wittenberger, C., Diaciuc, I.V.: Effort metabolism of lateral mus- 
cles in carp. J. Fish. Res. Bd. Canada 22, 1397-1406 (1965) 

Yancey, P.H., Somero, G.N. : Temperature dependence of intracel- 
lular pH: its role in the conservation of pyruvate apparent Km 
values of vertebrate lactate dehydrogenases. J. comp. Physiol. 
125, I29-134 (1978) 

Yu, C.-A., Gunsalus, I.C.: Cytochrome P-450ca m. II. Inter conver- 
sion with P-420. J. biol. Chem. 249, 10~106 (1974) 

Zigman, S., Munro, J., Lerman, S.: Effect of urea on the cold 
precipitation of proteins in the lens of the dogfish. Nature 
(Lond.) 207, 414-415 (1965) 


