
 

Biogeographic
composition wi
discontinuities in environmental temperature (Fields 

 

et al.
1993). Physiological and biochemical adaptations to
temperature are likely to play important roles in establishing
and maintaining these temperature-linked species distribution
patterns (Hochachka and Somero, 1984; Somero, 1986;
Cossins and Bowler, 1987; Fields et al. 1993). Comparisons of
ectothermic species from different latitudes have revealed
differences in the structural and functional properties of
proteins and in mitochondrial thermal resistance that reflect the
different adaptation temperatures of the species (Baldwin,
1971; Low et al. 1973; Borgmann et al. 1975; Borgmann and
Moon, 1975; Johnston and Goldspink, 1975; Johnston and

W
So
1993a,b).

Most studies of temperature adaptation have compared
distantly related species belonging to different genera or
families. Although such studies have effectively exploited the
comparative method to deduce adaptively important changes
among species, comparison of distantly related taxa entails the
problem of determining whether differences between species
are in fact adaptations to the environmental factor in question
or merely reflections of phylogenetic history (Huey, 1987).
Comparisons of closely related congeneric species provide a
means for reducing this type of uncertainty. Congeners adapted
to different environments are often so similar in evolutionary

The Journal of Experime

 

Printed in Great Britain ©

Kinetic prope
stabilities of cyt
were compared

 

spp) from diffe
species S. ensis
of cMDH. Sub
argentea) and 
contained both 
pattern charact
unfractioned 
Michaelis–Men
increased with
temperatures o
conserved wit

 

Thermostable 
chromatograph
Thermolabile c
all measureme
cMDHs. Therm

ba
te
co
sim
di
ap
th
te
ho
a 
of
cM
ho
or
th
ec

Ke
de

ary

THERMA M
EASTERN EN

X

OR
Marine Bio f O

93

ptem

*Present address: Institute of Fisheries Sciences, National Taiwan University, Taipei, Taiwan 10764, Republic of China.
†Present address and author for correspondence: Department of Zoology, 3029 Cordley Hall, Oregon State University, Corvallis, OR 97331-
2914, USA.
alesby, 1977; Graves and Somero, 1982; Swezey and
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rracuda exhibited similar kinetic properties (Km versus
mperature, optimal pH, optimal substrate and cofactor
ncentrations). Thermostable cMDHs, likewise, were

ilar among the barracuda. Conservation of Km in the
fferently thermally adapted barracudas is, therefore,
parently due to adjustments in the ratio of expression of
e thermostable and thermolabile isoforms, rather than to
mperature-adaptive differences among orthologous
mologues, as is commonly found for enzymes encoded by
single gene locus. The effects of temperature on the Km

 NADH for isolated thermostable and thermolabile
DHs of a eurythermal goby, Gillichthys mirabilis,

wever, were consistent with adaptive change in
thologous homologues of cMDH. The selective basis for
e absence of thermolabile cMDH in warm-adapted
totherms, mammals and birds is discussed.

y words: adaptation, barracuda, biogeography, isoenzymes, malate
hydrogenase, Sphyraena, temperature.
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al patterning, such as changes in species
th latitude, commonly mirrors gradients or

oplasmic malate dehydrogenases (cMDHs)
 in Eastern Pacific barracuda (Sphyraena
rent latitudes. All tissues of the tropical
contained only a single, thermostable form
tropical (S. lucasana) as well as north (S.
south (S. idiastes) temperate barracuda
thermostable and thermolabile cMDHs, the
eristic of most teleosts. Kinetic studies using
cMDHs showed that the apparent
ten constant (Km) of cofactor (NADH)
 temperature, but at the physiological
f the four species, Km of NADH was

hin a narrow range (20–23 mmol l21).
and thermolabile cMDHs were

ically separated and compared.
MDHs had higher Km values for NADH at
nt temperatures than did thermostable
olabile cMDHs isolated from congeneric
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 life histories and overall ecological relationships that
mental adaptations appear in sharp relief (Graves and
, 1982; Dahlhoff and Somero, 1993a,b). In a study of
ate dehydrogenases (A4-LDHs) of congeneric
da (Sphyraena spp) from the Eastern Pacific, Graves
mero (1982) showed that interspecific differences in

properties [Michaelis–Menten constant (Km) of
te and catalytic rate constant (kcat)] reflected the
e patterns observed in comparisons of taxonomically
 vertebrates with body temperatures spanning a wide
ture range (approximately 50 ˚C), even though the
da differed in average body temperature by only
 These findings showed that differences in average or
l habitat temperature of the order of a few degrees

 appear to be sufficient to favour selection for
ely different orthologous homologues of enzymes.

Sphyraena idiastes (south temperate; habitat temperature range
15–22 ˚C); Sphyraena lucasana (subtropical; Sea of Cortez;
habitat temperature range 17–28 ˚C); and Sphyraena ensis
(tropical equatorial; habitat temperature range 22–30 ˚C). We
compared electrophoretic patterns, the effects of temperature
on the apparent Michaelis–Menten constant (Km) of NADH
and the thermal stabilities of both unfractionated cMDH
isoenzymes and chromatographically separated thermostable
and thermolabile isoenzymes. We combined
chromatographically separated thermostable and thermolabile
cMDH isoenzymes in different ratios to study the additivity of
kinetic properties in mixed isoenzyme systems. We purified
cMDH isoenzymes from a fish belonging to a different family
to determine whether orthologous forms of the two cMDH
isoenzymes differed among species from different families.
We conclude that variation in the ratio of paralogous
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studied a second enzyme, cytosolic malate
genase (cMDH; EC 1.1.1.37; malate:NAD+

ductase), in barracuda congeners to analyze further the
ical correlates of the thermal distribution patterns of
ecies. Our studies focused on two aspects of cMDH
tinguish the enzyme from A4-LDH. First, dimeric
 a close evolutionary relative of LDH, lacks the N-
l peptide that, in the tetrameric LDH molecule, is
nt for stabilizing subunit interactions and establishing
 thermal stability (Opitz et al. 1987). Modifications in
rminal region of A4-LDH may play important roles in
on to temperature by this enzyme (L. Holland, M. J.
Ngai and G. N. Somero, in preparation). In view of
ifferences between LDH and cMDH in quaternary
e and N-terminal sequence, we wished to determine
 cMDH is as thermally sensitive as A4-LDH and
 orthologous cMDH homologues (homologues
 by a common gene locus in the different species) of
a exhibit interspecific differences in thermal responses

to those found for orthologous forms of A4-LDH.
d, cMDH has the potential for a type of adaptation not

e to A4-LDH. In most vertebrates, including teleost
ingle gene locus encodes the A-type LDH (Markert et

thermostable to thermolabile cMDHs is important in
adaptation to temperature. The absence of thermolabile cMDH
in warm-adapted species may be a specific adaptation to high
temperature rather than merely a reflection of phylogeny.

Materials and methods
Animals

Barracuda were caught by hook-and-line fishing. S. argentea
(Girard) were caught offshore from San Diego, California; S.
idiastes (Heller and Snodgrass) were caught in cold upwelling
regions near the Galapagos Islands and off the coast of Peru;
S. lucasana (Gill) were caught at Guaymas, Mexico; and S.
ensis (Jordan and Gilbert) were collected in Panama. Long
jawed mudsuckers, Gillichthys mirabilis, were captured in
baited traps in a slough near San Felipe, Baja California. Fish
were transported on dry ice and stored at 220 or 280 ˚C until
used.

Preparation of unfractionated cMDH

White muscle was homogenized in 4 vols of ice-cold
50 mmol l21 sodium phosphate buffer (pH 6.8) using a Waring
). Most teleost fishes, however, unlike most higher
tes, possess two genes for cMDH. One cMDH locus
 a thermostable isoenzyme and a second encodes a
abile cMDH (Schwantes and Schwantes, 1982a,b). We
to determine whether these two paralogous isoenzymes
gues encoded by different gene loci) of cMDH
 in kinetic properties and whether the ratio of
table to thermolabile cMDHs varied among species
g to their adaptation temperatures. Differential
on of paralogous isoenzymes during thermal
tion has been reported for some proteins (Baldwin and
hka, 1970; Somero, 1975, 1995; Johnston, 1983), but
enomenon has not been compared in differently
ly adapted species.
ddress these questions, we studied cMDHs of four

Pacific barracuda: Sphyraena argentea (north
te; habitat temperature range approximately 15–22 ˚C);

blender. The crude homogenate was centrifuged at 27 000 g for
30 min at 4 ˚C. The supernatant was collected and filtered
through glass wool to remove unhomogenized tissue and
suspended lipid. An oxamate affinity column was used to
remove LDH from the homogenate because of potential
interference with the cMDH assay (degradation of oxaloacetate
to pyruvate would lead to activity of any LDH present)
(O’Carra and Barry, 1972; Yancey and Somero, 1978). The
presence of MDH was determined by activity assay (see
below). Fractions containing MDH activity were pooled and
solid ammonium sulphate was added to give a final
concentration of 0.56 g l21 (approximately 80 % saturation).
The enzyme precipitated in ammonium sulphate was stored at
4 ˚C. Prior to use in assays, samples of the ammonium sulphate
suspension were centrifuged at 27 000 g for 30 min at 4 ˚C. The
pellet was dialyzed against 20 mmol l21 imidazole chloride
buffer (pH 7.0 at 20 ˚C) for approximately 12 h at 4 ˚C.



Dialyz
supern

Tot
fractio
assay 
contai
0.12 m
10 ml 
of NA
340 nm
spectr
20±0.

The
mediu
buffer
oxalo
25, 30
absorb
minut
conce
NADH
Linew
regres
(Broo

For
therm
comb
measu
80 mm
100 m
0.2 m

Unfra

Sam
(homo
in 20
were p
a wate
tubes 
Samp
for 10
imme
ratio 
unhea
lost in

Chrom

To 
therm
were 
553Malate dehydrogenases of barracudas

ed enzyme was centrifuged as before and the
atant was retained for assaying enzymatic activity.

Assay of MDH activity

al cMDH activity in chromatographically separated
ns and thermal stability assays was determined using an
buffer (80 mmol l21 imidazole chloride, pH 7.0 at 20 ˚C)
ning 100 mmol l21 KCl, 0.3 mmol l21 oxaloacetate and
mol l21 NADH. The reaction was initiated by adding

of enzyme solution to 2.0 ml of assay medium. Oxidation
DH was monitored by the decrease in absorbance at
 in a Perkin-Elmer Lambda 3B recording

ophotometer. Cuvette temperature was maintained at
1 ˚C.

Measurement of Km of NADH

Amicon, Inc.) with 20 mmol l21 imidazole chloride buffer
(pH 7.0) to remove 2-mercaptoethanol. Bovine serum albumin
was then added, to a concentration of 1 mg ml21. The initial
activity of the enzyme was measured. Samples (50 ml) were
dispensed in microcentrifuge tubes and incubated in a water
bath at 42±0.1 ˚C. At different times up to approximately 9 h,
samples were removed and placed on ice for 5 min. Samples
were then centrifuged at 14 000 g for 10min, and MDH activity
in the supernatant was assayed immediately. The residual
activity was calculated as the percentage of MDH activity
remaining after heat treatment.

Polyacrylamide gel electrophoresis

To determine isoenzyme banding patterns and to confirm
separation of thermostable and thermolabile cMDH, we
performed non-denaturing polyacrylamide gel electrophoresis
(native PAGE). Samples were prepared as follows.
 apparent Km of NADH was measured in an assay

m (2.0 ml) containing 80 mmol l21 imidazole chloride
 (pH 7.0 at 20 ˚C), 100 mmol l21 KCl, 0.3 mmol l21

acetate and different concentrations of NADH (15, 20,
, 40, 60 or 80 mmol l21). Enzyme was added to yield an
ance change of 0.095–0.105 absorbance units per

e at the temperature of measurement, at the highest
ntration of NADH. Triplicate assays were run for each

 concentration. Km of NADH was calculated by
eaver–Burk analysis using the weighted linear
sion method of Wilkinson (1961) and Wilman software
ks and Suelter, 1986).
 experiments in which different proportions of
ostable and thermolabile cMDHs of S. argentea were
ined, the amount of each isoenzyme was quantified by
ring MDH activity in a reaction mixture containing
ol l21 imidazole chloride buffer (pH 7.5 at 30 ˚C),

mol l21 KCl, 0.2 mmol l21 oxaloacetate and
mol l21 NADH.

Thermostability of MDH

ctioned mixtures

ples (200 ml) of dialyzed unfractioned cMDH

Homogenates from different tissues and fractions from
chromatographic columns were first adjusted for MDH content
by measuring MDH activity. Samples were diluted so that
10 ml of sample contained enough MDH activity to give an
absorbance change of approximately 0.2 units min21. The gel
system consisted of a 3 % acrylamide stacking gel, a 7.5 %
acrylamide running gel and Tris–glycine electrode buffer
(pH 8.3). After electrophoresis at 4 ˚C, the gel was stained for
MDH activity following the protocol of Richardson et al.
(1986). The staining solution contained 168 mmol l21 Tris
chloride buffer (pH 8.0 at 20 ˚C), 210 mmol l21 D,L-malate,
0.30 mmol l21 NAD+, 26 mmol l21 Nitroblue Tetrazolium and
86 mmol l21 phenazine methosulphate.

Ion-exchange and affinity chromatography

Partial purification and complete separation of cMDH
isoenzymes were performed using ion-exchange
chromatography (S. lucasana) or affinity chromatography (S.
argentea, S. ensis, G. mirabilis). For ion-exchange
chromatography, the starting material was unfractionated
cMDH isolated from white muscle of S. lucasana, as described
previously. This unfractionated cMDH was dialyzed against
20 mmol l21 imidazole chloride buffer (pH 8.0 at 20 ˚C),
genates from which LDH had been removed; see above)
mmol l21 imidazole chloride buffer (pH 7.0 at 20 ˚C)
laced in 1.75 ml microcentrifuge tubes and incubated in
r bath at 40 or 45 ˚C. After 10, 20 and 30 min, sample
were removed and placed in an ice bath for 5 min.

les were then centrifuged in a microcentrifuge at 14 000 g
min. MDH activity in the supernatant was assayed

diately at 20 ˚C. Residual activity was calculated as the
of MDH activity in the heated sample to that in an
ted control held in an iced-water bath. No activity was
 the control samples during the course of the experiment.

atographically separated cMDHs

measure the thermostabilities of the thermostable and
olabile cMDHs of S. argentea, the separated isoenzymes
first washed in a microconcentrator (Centricon 30;

centrifuged (14 000 g, 10 min) to remove denaturated protein
and loaded onto a column of DEAE–Sephacel (Sigma
Chemical Co.) equilibrated at 4 ˚C with dialysis buffer. The
column was washed exhaustively with this buffer until no
protein could be detected (by absorbance at 280 nm) in the
eluted fractions. Thermostable cMDH was eluted with buffer
containing 17.5 mmol l21 KCl. After all thermostable cMDH
had been eluted, the KCl concentration in the buffer was
increased to 40 mmol l21 to elute thermolabile cMDH. Affinity
chromatography with triazinyl dye (Matrex Gel Red A;
Amicon, Inc.) was conducted following a modification of the
procedure of Smith et al. (1982). Samples applied to the
column were from white muscle of S. argentea, S. ensis or G.
mirabilis and had been treated in the same way as the sample
used for DEAE–Sephacel chromatography, except that they
were dialysed against 10 mmol l21 sodium phosphate buffer
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(pH 7.2) containing 1 mmol l21 2-mercaptoethanol. 
sample addition, the column was washed serially
20 mmol l21 KCl, 20 mmol l21 D,L-malate, 20 mmol l2

0.35 mmol l21 NAD+ (all in 10 mmol l21 phosphate buff
buffer alone. Thermostable cMDH was eluted
20 mmol l21 D,L-malate and 0.4 mmol l21 NAD+ in 
Thermolabile cMDH was then eluted using a cont
gradient of NAD+ and D,L-malate (buffer A, 0.4 mm
NAD+ and 20 mmol l21 D,L-malate; buffer B, 6.0 mm
NAD+ and 200 mmol l21 D,L-malate). Fractions con
MDH activity were pooled in groups, washed with d
buffer to remove substrates, and concentrated by ultrafi
(Centricon 30). These samples were loaded onto native
to test for isoenzyme separation. For storage of sep
isoenzymes, 1 mmol l21 2-mercaptoethanol was added
enzyme solution.

Optimal pH and substrate and cofactor concentrati

The optimal pH and concentrations of substrate and c
were defined as the values that gave the highest MDH a
under the assay conditions employed. Imidazole c
buffer (80 mmol l21, pH 7.5 at 20 ˚C; 100 mmol l21 KC
used in all measurements. For optimal pH determi
concentrated HCl or KOH was used to adjust the buff
For the measurements of optimal concentratio
oxaloacetate, malate, NADH and NAD+, reaction m
contained concentrations of the cosubstrate that y
optimal activity: 200 mmol l21 NADH or 3 mmol l21

and 0.2 mmol l21 oxaloacetate or 5 mmol l21

respectively.

Results
Unfractioned cMDH isoenzymes: electrophoretic pat

thermal stabilities and kinetics

Two types of patterns were observed when tissues
four species were examined using native PAGE (Fig.
the temperate (S. argentea and S. idiastes) and subtrop
lucasana) species, two major bands were observed in
muscle, red muscle, brain, liver and heart (only white 
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is shown in Fig. 1). The fast- and slow-running bands, which
we interpret as homodimeric enzymes, each showed similar
migration rates in these three species. Analysis of eleven
individuals of S. ensis, the tropical species, revealed only a
single major cMDH band in these tissues in all specimens. In
some specimens of S. ensis, there were also two minor bands,
which migrated faster than the dominant band and, like the
dominant band, were thermally stable (see below). The
intensity of the two minor bands varied with the freshness of
the sample and conditions of electrophoresis. These bands
were not interpreted as evidence for allozymic variants of the
faster-migrating cMDH. We did not detect the mitochondrial
isoenzyme, mMDH, which usually migrates much more slowly
than cMDHs and which is not often detected in fish muscle
(Basaglia, 1989).
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Schwantes and Schwantes (1982a,b), we used native PAGE to
examine cMDHs from homogenates previously heated to 45 ˚C
for 10, 20 or 30 min (Fig. 2). The faster-migrating cMDH was
the thermostable isoenzyme, as shown by retention of activity
after 30 min of heat treatment. The slower-migrating (more
cathodal) cMDH lost activity rapidly at 45 ˚C. Most activity
disappeared after 10 min of heat treatment, and all activity was
lost after 20 min of heating.

Interspecific differences in thermal stability were noted
when unfractionated cMDH was incubated at different
temperatures for various times and assayed for residual MDH
activity (Fig. 3). At 40 ˚C, cMDH of all species lost
approximately 15–30 % of activity during 30 min of
incubation. Some of the apparent heat denaturation of cMDH
was probably due to sedimentation of active cMDH with
denatured protein when the heat-treated homogenates were
centrifuged prior to activity assay. At 45 ˚C, a difference was
noted between S. ensis and the other species, consistent with
the differences shown in Fig. 2. For all species except S. ensis,
approximately half of the cMDH activity was lost during
30 min of incubation. The enzyme of S. ensis lost only
approximately 20 % of its activity.

To compare the effects of temperature on cMDH function
in the four species, we first examined the response of the
apparent Km of cofactor (NADH) to measurement temperature
using cMDHs that were not fractionated into separate
isoenzymes (unfractionated cMDH; see above). Km estimates
made using unheated enzyme revealed that the cMDH of S.
ensis had a lower Km of NADH at all temperatures than did
the cMDHs of the other species, which contained both
thermostable and thermolabile isoforms (P<0.01; analysis of
covariance and post hoc contrast analysis). After heat treatment
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Fig. 3. Residual activity of cMDH in unfractionated cMDH
preparations from white skeletal muscle following incubation at 40 ˚C
(open symbols) or 45 ˚C (filled symbols) for 10, 20 or 30 min.
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yme preparations, the Km of NADH for the S. ensis
as unchanged, but the Km values for cMDHs of the
ies were lowered to values that were not significantly
(P=0.728, analysis of covariance) from those for
 S. ensis (Fig. 4). The Km values for cMDHs of S.
S. lucasana and S. idiastes were significantly lower
heated preparations compared with unheated
ns (P<0.01, analysis of covariance). For control and
ymes we observed linear Lineweaver–Burk plots for
s, despite the occurrence of two cMDHs with
m values in muscle of three species (see below).

atographically fractionated cMDH isoenzymes:
thermal stabilities and kinetics

acterize more precisely the temperature sensitivities
stable and thermolabile cMDH isoenzymes, we
purified the isoforms using ion-exchange (S.

Fig. 5A) or a
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t because it 
using the sam
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ffinity chromatography (other species;
. 5B). The latter method was more
allowed isoenzyme separation to be
e elution conditions for all species.

s of the fractions using native PAGE
n of thermostable and thermolabile
s (Fig. 5). In fractions from the affinity

 high concentrations of substrate and
re smeared, but complete isoenzyme
(Fig. 5B).
e and thermolabile cMDHs exhibited
20 25 30
Temperature (°C)
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heat treatment (45 ˚C for 30 min) on
nts (Km) of NADH for unfractionated

ations, open symbols; heated preparations,
 are standard errors of the mean for single
ing triplicate assays of activities at seven
(see Materials and methods).
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differences in thermal stability consistent with the differences
observed using unfractionated isoenzymes (Fig. 6). At an
incubation temperature of 42 ˚C, the half-life of thermolabile
cMDH was only 2 min, but that of thermostable cMDH was
longer than 9h. Both isoenzymes appeared to be less thermally
stable after partial purification. This loss in thermal stability is
probably a result of the lower total protein concentration in the
chromatographically separated samples compared with that of
unfractionated samples.

The effects of temperature on the Km of NADH for
thermostable and thermolabile cMDHs of S. argentea and S.
lucasana are shown in Fig. 7. Consistent with the data in
Fig. 4, thermostable cMDH had a lower Km at all temperatures
than did the thermolabile isoenzyme. Orthologous cMDHs
exhibited similar Km versus temperature profiles in
comparisons involving S. lucasana and S. argentea (Fig. 7).
This observation suggests that, unlike the A4-LDHs of these
two species (Graves and Somero, 1982), the cMDHs do not
differ between the temperate and subtropical barracuda (see
Discussion).

We combined different ratios of the chromatographically
separated cMDH isoforms of S. argentea and measured the Km

of NADH (at 30 ˚C) as a function of the percentage of
thermolabile cMDH (Fig. 8). The contribution of the high-Km
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MDH activity. The more anodal band is thermostable cMDH.
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G. mirabilis encounters temperatures several degrees lower
and higher than all of the barracuda combined. The
thermolabile cMDH of G. mirabilis had a higher Km of NADH
at most assay temperatures, and the thermostable cMDH had
a lower Km value at all assay temperatures. These differences
between the goby and barracuda cMDHs are consistent with
adaptive change in both pairs of orthologous homologues and
reflect the differences noted between the orthologous A4-LDHs
of these species (Yancey and Somero, 1978; Graves and
Somero, 1982).

Other kinetic characteristics of the thermolabile and
thermostable cMDHs of barracuda

Comparisons of thermostable and thermolabile cMDHs of
S. argentea and G. mirabilis and the thermostable isoenzyme
of S. ensis revealed similar kinetic properties for orthologous
homologues and differences between the paralogous
homologues. For all species, the two isoforms had similar pH
optima for both directions of the reaction (pH 7.6–7.7 for
oxaloacetate reduction and pH 10.4–11.0 for malate oxidation).
Optimal substrate and cofactor concentrations differed
between isoenzymes: thermostable cMDH had a higher
optimum concentration for oxaloacetate (0.2–0.3 mmol l21

versus 0.1 mmol l21), but a lower optimum for malate

(10–20 mmol l21 versus 100 mm
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e enzymatic function over a wide temperature range is
lly available in the case of enzymes such as cMDH that
oded by duplicated gene loci. Not only do the two
us cMDHs of teleost fish differ in thermal stability, as
wn by Schwantes and Schwantes (1982a,b), but the

of temperature on Km values differ between isoforms
 9). As a result, variation in the ratio of expression of
ermostable and thermolabile cMDHs leads to
ation in the value of Km of NADH between
mately 20 and 23 mmol l21 at physiological

which both thermostable and thermolabile cMDHs occur, it
appears that S. idiastes may have the highest percentage of
thermolabile cMDH, because unfractioned muscle
homogenates yielded the highest Km of NADH values (Fig. 4).

The similar values for Km of NADH for the orthologous
thermostable and thermolabile cMDHs of the barracuda
species suggest that temperature-adaptive differences among
orthologous homologues of cMDH have not occurred in this
genus, despite divergence times of up to approximately
1.53107 years between the most divergent pair of species (S.
ensis and S. lucasana; Graves and Somero, 1982). The
importance of adaptive change in orthologous forms of cMDH
among more distantly related taxa remains to be firmly
established. The thermostable and thermolabile cMDHs of the
eurythermal goby G. mirabilis differed somewhat from their
counterparts in barracuda. Compared with the barracuda
cMDHs, thermolabile cMDH of G. mirabilis had higher values
for Km of NADH at most measurement temperatures, and
thermostable cMDH had lower values (Fig. 9). Although these
differences were generally small, they appear to be consistent
with the different thermal ranges of the five species: the
barracuda live at temperatures between approximately 15 and
30 ˚C, but G. mirabilis encounters temperatures between

10 15 20 25 30 35 40
Temperature (°C)

omparisons of the Michaelis–Menten constants of NADH for
graphically separated thermolabile and thermostable

of S. argentea, S. lucasana, S. ensis and Gillichthys mirabilis.
ars represent standard errors of the mean for single
ations of Km made using triplicate assays of activity at seven
ations of NADH. Open symbols designate thermolabile
 filled symbols designate thermostable cMDHs.
tures. This is the approximate range in which the Km

H has been found to be conserved in cMDHs of a
of vertebrates (Grimm and Doherty, 1961; Englard and
 1962; Yancey and Siebenaller, 1987) and
rates (McReynolds and Kitto, 1970; Dahlhoff and
, 1993a). Note that Km values, including those for
 are generally influenced by the composition of the
edium (e.g. salt composition and concentration), so
ng data sets gathered using different protocols may
 underestimates of the extent of Km conservation
y and Somero, 1980). Adaptation to temperature by the
c form of MDH in teleosts therefore differs from the
noted for A4-LDH in barracuda. For both classes of
, there is a conservation of Km at physiological
tures, but this is achieved in A4-LDH by an
nary change in the amino acid sequence of the
ous homologues (L. Holland, M. J. McFall-Ngai and

approximately 9 and 38 ˚C (Dietz and Somero, 1992). In G.
mirabilis, therefore, one would predict that cMDHs adapted to
both colder and warmer temperatures, relative to the barracuda,
would be advantageous. Thus, the differences found between
the orthologous forms of the two cMDHs in the goby and
barracuda are consistent with trends noted in other
comparisons of orthologous homologues, e.g. A4-LDH
(Somero, 1991, 1995), acetylcholinesterases (Baldwin, 1971)
and pyruvate kinases (Low and Somero, 1976).

Our inability to detect thermolabile cMDH in any tissue of
the eleven S. ensis specimens analyzed is not likely to have
been a consequence of loss of enzymatic activity due to
freezing or other experimental manipulations. Thermolabile
cMDH was stable under freezing conditions in the other three
species and could readily be detected even in specimens held
frozen for periods of approximately 2 years. The absence of
thermolabile cMDH in the tropical barracuda could be the
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of either (a) loss of the gene (or a functional form of the
encoding this isoform, or (b) the repression of gene

ription at high temperatures. Our data do not allow a test
e two possibilities, but it would be revealing to acclimate

sis to the lower temperatures characteristic of, for
le, S. argentea, to determine whether expression of the

olabile cMDH isoform could be induced. The two
s of G. mirabilis vary in ratio seasonally and as a result
oratory acclimation (Lin and Somero, 1995). These

gs suggest that temperature can affect one or more of the
ses that establish cMDH isoenzyme ratios; for example,
transcription or protein degradation. In a relatively
hermal tropical species such as S. ensis, however, if
olabile cMDH is not required physiologically (see
), the gene encoding this isoform may be lost or silenced.
 implication of the absence of thermolabile cMDH in S.

is that kinetic differences between the thermolabile and

warm-adapted teleost fish (S. ensis), is consistent with the
hypothesis that the occurrence of this isoform of cMDH may
be related to adaptation temperature and may not be strictly a
consequence of phylogeny.
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were supported by National Science Foundation grant IBN92-
06660.

References
BAILEY, A. J. (1968). The nature of collagen. In Comprehensive

Biochemistry, vol. 26B (ed. M. Florkin and E. H. Stotz), pp.
297–423. Amsterdam: Elsevier.
o
o

i

o

h

h
u

-
r
a

r
s
M

o

r

b
r

o

stable isoforms related to differences in metabolic
n may be minor, such that both isoforms are not needed
sure the metabolic integrity of the organism.
atively, if thermolabile cMDH has a distinct
logical role, this function may not be required at higher
temperatures. Available kinetic data do not clearly
sh what the different metabolic roles for the two teleost
s might be. Coppes et al. (1987) have postulated that the
stable and thermolabile cMDH isoforms may influence
irection of carbon flow between glycolysis and
eogenesis. Until physiological studies are carried out to
ement in vitro biochemistry, this hypothesis cannot be
ted. Thermostable cMDH differs from thermolabile
 in having a lower optimal pH for oxidation of malate,
tly lower sensitivity to inhibition by oxaloacetate, a

 sensitivity to inhibition by high malate concentrations
igher Km of oxaloacetate (this study; Bailey et al. 1970;
ca et al. 1983). These characteristics are conserved
 orthologous forms of each cMDH. Thus, as in the case
LDH, orthologous forms are more similar kinetically
e paralogous forms (Markert et al. 1975).
dditional form of variation in cMDHs has been reported

BAILEY, G. S., WILSON, A. C., HALVER, J. E. AND JOHNSON, C. L.
(1970). Multiple forms of supernatant malate dehydrogenase in
salmonid fishes. J. biol. Chem. 245, 5927–5940.

BALDWIN, J. (1971). Adaptation of enzymes to temperature:
Acetylcholinesterases in the central nervous system of fishes.
Comp. Biochem. Physiol. 40B, 181–187.

BALDWIN, J. AND HOCHACHKA, P. W. (1970). Functional significance
of isoenzymes in thermal acclimatization: acetylcholinesterase
from trout brain. Biochem. J. 116, 883–887.

BASAGLIA, F. (1989). Some aspects of isozymes of lactate
dehydrogenase, malate dehydrogenase and glucosephosphate
isomerase in fish. Comp. Biochem. Physiol. 92B, 213–226.

BORGMANN, U., LAIDLER, K. J. AND MOON, T. W. (1975). Kinetics and
thermodynamics of lactate dehydrogenases from beef heart, beef
muscle and flounder muscle. Can. J. Biochem. 53, 1196–1206.

BORGMANN, U. AND MOON, T. W. (1975). A comparison of lactate
dehydrogenases from an ectothermic and an endothermic animal.
Can. J. Biochem. 53, 998–1004.

BROOKS, S. P. J. AND SUELTER, C. H. (1986). Estimating enzyme
kinetic parameters: a computer program for linear regression and
nonparametric analysis. Int. J. bio-med. Computing 19, 89–99.

CASSMAN, M. AND VETTERLEIN, D. (1974). Allosteric and
nonallosteric interactions with reduced nicotinamide adenine
dinucleotide in two forms of cytoplasmic malic dehydrogenase.
Biochemistry, N.Y. 13, 684–689.
ine heart (Cassman and Vetterlein, 1974). Two cMDHs
een characterized, one with non-cooperative binding of
, as found for teleost cMDHs, and a second with
ative binding of NADH and allosteric regulation by
e 1,6-bisphosphate. The phosphorylation states of the

DHs differed. Kinetic differences between the two
s of barracuda appear not be the result of post-
tional modification, because NADH binding was always
operative and neither teleost isoenzyme was affected by

dition of fructose 1,6-bisphosphate (J. J. Lin and G. N.
o, unpublished observations).
 kinetic properties of cMDHs of birds and mammals
le those of teleost thermostable cMDH more than those
molabile cMDH, which implies that the thermostable
e of teleosts is ancestral to the single cMDH of birds and
als (Schwantes and Schwantes, 1982a). The absence of
labile cMDH in birds and mammals, as well as in a

COPPES, Z. L., SCHWANTES, M. L. B. AND SCHWANTES, A. R. (1987).
Adaptive features of enzymes from family Sciaenidae
(Perciformes). I. Studies on soluble malate dehydrogenase (s-
MDH) and creatine kinase (CK) of fishes from the south coast of
Uruguay. Comp. Biochem. Physiol. 88B, 1–13.

COPPES, Z. L. AND SOMERO, G. N. (1990). Temperature-adaptive
differences between the M4 lactate dehydrogenases of stenothermal
and eurythermal Sciaenid fishes. J. exp. Zool. 254, 127–131.

COSSINS, A. R. AND BOWLER, K. (1987). Temperature Biology of
Animals. London: Chapman and Hall.

DAHLHOFF, E. AND SOMERO, G. N. (1993a). Kinetic and structural
adaptations of cytoplasmic malate dehydrogenases of eastern
Pacific abalones (genus Haliotis) from different thermal habitats:
biochemical correlates of biogeographical patterning. J. exp. Biol.
185, 137–150.

DAHLHOFF, E. AND SOMERO, G. N. (1993b). Effects of temperature on
mitochondria from abalone (genus Haliotis): adaptive plasticity and
its limits. J. exp. Biol. 185, 151–168.



560

DE LUCA, P. H
Adaptive fe
dehydrogen
Reservoir (
74B, 315–3

DIETZ, T. J. 
temperature
acclimatiza
Proc. natn.

ENGLARD, S.
dehydrogen
supernatant
571–583.

FIELDS, P., G
(1993). Ef
faunas. Tre

GRAVES, J. E.
and electro
teleost spec
Evolution 3

GRAVES, J. E
functional 
barracudas 
97–106.

GREANEY, G. 
and catalyt
NADH for
Physiol. 13

GRIMM, F. C. 
of malic d
1980–1985

HOCHACHKA, 
Adaptation

HUEY, R. B. (
In New Di
A. F. Benn
Cambridge

JAENICKE, R.
extreme co

JOHNSTON, I
temperature
isoforms. I
(ed. A. R.
Cambridge

JOHNSTON, I.
activation 
evolutionar

JOHNSTON, I. 
of temper
triphosphat

LIN, J. J. AND

in express
cytosolic m
Gillichthys

LOW, P. S., B
adaptation 
the entrop
430–432.

LOW, P. S. AN

J.-J.
., SCHWANTES, M. L. B. AND SCHWANTES, A. R. (1983).
atures of ectothermic enzymes. IV. Studies on malate
ase of Astyanax fasciatus (Characidae) from Lobo

Sao Carlos, Sao Paulo, Brasil). Comp. Biochem. Physiol.
24.
AND SOMERO, G. N. (1992). The threshold induction
 of the 90-kDa heat shock protein is subject to
tion in eurythermal goby fishes (genus Gillichthys).
 Acad. Sci. U.S.A. 89, 3389–3393.
 AND BREIGER, H. H. (1962). Beef-heart malic
ases. II. Preparation and properties of crystalline
 malic dehydrogenase. Biochim. biophys. Acta 56,

RAHAM, J. B., ROSENBLATT, R. H. AND SOMERO, G. N.
fects of expected global climate change on marine
nds Ecol. Evol. 8, 361–366.
, ROSENBLATT, R. H. AND SOMERO, G. N. (1983). Kinetic
phoretic differentiation of lactate dehydrogenases of

kinases to environmental temperatures and pressures. J. exp. Zool.
198, 1–12.

MARKERT, C., SHAKLEE, J. B. AND WHITT, G. S. (1975). Evolution of
a gene. Science 189, 102–113.

MCFALL-NGAI, M. J. AND HORWITZ, J. (1990). A comparative study
of the thermal stability of the vertebrate eye lens: Antarctic ice fish
to the desert iguana. Expl Eye Res. 50, 703–709.

MCREYNOLDS, M. S. AND KITTO, G. B. (1970). Purification and
properties of Drosophila malate dehydrogenases. Biochim.
biophys. Acta 198, 165–175.

O’CARRA, P. AND BARRY, S. (1972). Affinity chromatography of
lactate dehydrogenase. FEBS Lett. 21, 281–285.

OPITZ, U., RUDOLPH, R., JAENICKE, R., ERICSSON, L. AND NEURATH,
H. (1987). Proteolytic dimers of porcine muscle lactate
dehydrogenase: characterization, folding and reconstitution of the
truncated and nicked polypeptide chain. Biochemistry, N.Y. 26,
1399–1406.

 LIN AND G. N. SOMERO
e

S
i
 
7
A

.

.
1

:

n
.

n
 
 
 
p
y
A

a
S
i

 

o
y

D

ies-pairs from the Atlantic and Pacific coasts of Panama.
7, 30–37.
. AND SOMERO, G. N. (1982). Electrophoretic and
nzymic evolution in four species of eastern Pacific
from different thermal environments. Evolution 36,

. AND SOMERO, G. N. (1980). Contributions of binding
c rate constants to evolutionary modification in Km of
muscle-type (M4) lactate dehydrogenases. J. comp.
, 115–121.
ND DOHERTY, D. G. (1961). Properties of the two forms

ehydrogenase from beef heart. J. biol. Chem. 236,

P. W. AND SOMERO, G. N. (1984). Biochemical
 New Jersey: Princeton University Press.
987). Phylogeny, history and the comparative method.

rections in Ecological Physiology (ed. M. E. Feder,
ett, W. W. Burggren and R. B. Huey), pp. 76–101.
 Cambridge University Press.
(1991). Protein stability and molecular adaptation to
ditions. Eur. J. Biochem. 202, 715–728.

 A. (1983). Cellular responses to altered body
: the role of alterations in the expression of protein
 Cellular Acclimatization to Environmental Change

RICHARDSON, B. J., BAVERSTOCK, P. R. AND ADAMS, M. (1986).
Allozyme Electrophoresis: a Handbook for Animal Systematics and
Population Studies. New York: Academic Press.

SCHWANTES, M. L. B. AND SCHWANTES, A. R. (1982a). Adaptive
features of ectothermic enzymes. I. Temperature effects on the
malate dehydrogenase from a temperate fish Leiostomus xanthurus.
Comp. Biochem. Physiol. 72B, 49–58.

SCHWANTES, M. L. B. AND SCHWANTES, A. R. (1982b). Adaptive
features of ectothermic enzymes. II. The effects of acclimation
temperature on the malate dehydrogenase of the spot, Leiostomus
xanthurus. Comp. Biochem. Physiol. 72B, 59–64.

SMITH, K., SUNDARAM, T. K., KERNICK, M. AND WILKINSON, A. E.
(1982). Purification of bacterial malate dehydrogenases by selective
elution from a triazinyl dye affinity column. Biochim. biophys. Acta
708, 17–25.

SOMERO, G. N. (1975). The roles of isozymes in adaptation to varying
temperatures. In Isozymes II: Physiology and Function (ed. C. L.
Markert), pp. 221–234. New York: Academic Press.

SOMERO, G. N. (1986). Protein adaptation and biogeography. Trends
Ecol. Evol. 1, 124–127.

SOMERO, G. N. (1991). Biochemical mechanisms of cold adaptation
and stenothermality in Antarctic fish. In Biology of Antarctic Fish
(ed. G. di Prisco, B. Maresca and B. Tota), pp. 232–247. Berlin:
Cossins and P. Sheterline), pp. 121–143. London:
University Press.

A. AND GOLDSPINK, G. (1975). Thermodynamic
arameters of fish myofibrillar ATPase enzyme and
 adaptation to temperature. Nature 257, 620–622.
. AND WALESBY, N. J. (1977). Molecular mechanisms

ature adaptation in fish myofibrillar adenosine
ses. J. comp. Physiol. B 119, 195–206.
OMERO, G. N. (1995). Temperature-dependent changes

on of thermostable and thermolabile isozymes of
alate dehydrogenase in the eurythermal goby fish

mirabilis. Physiol. Zool. (in press).
ADA, J. L. AND SOMERO, G. N. (1973). Temperature
f enzymes: roles of the free energy, the enthalpy and
 of activation. Proc. natn. Acad. Sci. U.S.A. 70,

SOMERO, G. N. (1976). Adaptation of muscle pyruvate

Springer-Verlag.
SOMERO, G. N. (1995). Proteins and temperature. A. Rev. Physiol. (in

press).
SWEZEY, R. R. AND SOMERO, G. N. (1982). Polymerization

thermodynamics and structural stabilities of skeletal muscle actins
from vertebrates adapted to different temperatures and hydrostatic
pressures. Biochemistry, N.Y. 21, 4496–4503.

WILKINSON, G. N. (1961). Statistical estimations in enzyme kinetics.
Biochem. J. 80, 323–332.

YANCEY, P. H. AND SIEBENALLER, J. F. (1987). Coenzyme binding
ability of homologs of M4-lactate dehydrogenase in temperature
adaptation. Biochim. biophys. Acta 924, 484–491.

YANCEY, P. H. AND SOMERO, G. N. (1978). Temperature dependence
of intracellular pH: its role in the conservation of pyruvate apparent
Km values of vertebrate lactate dehydrogenases. J. comp. Physiol.
125, 129–134.


