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In recent reports it has been shown by us 
(1, 2) and others (3) that the kinetics of 
enzymes isolated from members of a species 
that have been acclimated to different tem- 
peratures have been altered. In addition, it 
has been reported by us that the changed 
kinetic properties may be the result of modi- 
fied tertiary or quaternary structure of the 
enzyme (4). In the present report, immuno- 
logical techniques have been used to dem- 
onstrate a change in the conformation of 
glyceraldehyde-3-phosphate dehydrogenase 
(G3PDH), isolated from rainbow trout ac- 
climated to 5 and 15". 

Materials and methods. Rainbow trout, 
Salmo gairdneri, were obtained from the 
Eastern States Fish Disease Laboratory, 
Leetown, West Virginia. One group was 
acclimated at 15", the other at 5", using an 
Instant Ocean Aquarium System. The tem- 
peratures were maintained +_ 2". The length 
of time of acclimation was 3 weeks for both 
groups. 

Purification of G3PDH was carried out 
according to the method of Cori et al. ( 5 )  as 
modified in our laboratory by Wolfe (1 1). 
Both the 15" (warm enzyme) and 5" (cold 
enzyme) G3PDH were isolated at 5". Crys- 
tals of G3PDH which gave a single protein 
band in acrylamide electrophoresis were ob- 
tained. The crystals were separated from the 
mother liquor by centrifugation at 30,000 g ,  
and redissolved in triethanolamine buffer, 
pH 8.4. The protein concentrations were 
determined by the procedure of Lowry (6) 
and by uv absorbance at 260 and 280 nm. 
The enzymes were stored at pH 8.4 at 5" 
with the addition of dithiothreitol. 

White, male New Zealand rabbits were 
immunized with the purified enzymes, using 
Freund's adjuvant for the initial injection 
and an alum adjuvant for the following in- 
jections (1 ml/mg enzyme). Intramuscular 
injections into the hindlimb near the poplit- 
eal fossa were used. Two time courses of 

immunization were followed: a short-term 
(ST) course and a long-term (LT) course. 
The short-term course consisted of an initial 
injection of 0.25 mg of enzyme, an injection 
of 0.50 mg 30 days later, and three injec- 
tions of 1 .OO mg of enzyme 4 , 3 ,  and 4 days, 
respectively, after the previous injections, 
for a total of 15 days from initial to final 
injection. Five days after the last injection, 
cardiac punctures of 20 ml were done on 
each rabbit as a source of ST serum for 
further tests. Injections were resumed 2 
days later (the rabbits not having been in- 
jected for 1 week) and succeeding injections 
of 1 .O mg of enzyme once per week contin- 
ued for 9 more weeks as an LT course of 
hyperimmunization. The rabbits were bled 
by cardiac puncture 5 days after the last 
injection. The serum was separated, divided 
into 1-ml aliquots and frozen at -10" until 
used. Once thawed, serum was not re- 
frozen. 

G3PDH was assayed by measuring the 
reduction of NAD at 340 nm using G3P and 
arsenate as substrates in pyrophosphate 
buffer at pH 8.4. The 3-ml cuvette in a 
Beckman, DBG recording spectrophotome- 
ter was used and the reaction initiated by 
the addition of 2 pg of enzyme. The reac- 
tion mixture contained 40 mM triethanola- 
mine, pH 8.4,17 mM Na,HASO4, 1.58 mM 
NAD, and G3P from 18.3 to 300 p M .  

The K ,  and V,,, were determined by 
least Square Regression of the Lineweaver 
and Burke plots of the data using computer 
programs in the Computer Center Library. 

Results and discussion. The results of the 
immunological tests are represented in Figs. 
1 and 2. Interfacial microprecipitin tests (7) 
performed on the short-term (ST) antisera 
were specific for each enzyme, 5 and 15", 
with no cross section. Precipitin tests on the 
long-term (LT) antisera showed limited 
cross reaction with both enzymes. Ouchter- 
lony immuno-double diffusion studies (7, 8) 
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FIG. 1 .  Results of interfacial microprecipitin tests. 
G3PDH 15", enzyme isolated from rainbow trout accli- 
mated to 15" and used as antigen; ST,50, LT,50, STSO, 
LT,, short-term and long-term antisera to 15" and 5", 
respectively; PB,,", PB,", sera obtained from rabbits 
prior to immunization with enzyme obtained from 15 
and 5" acclimated rainbow trout. 
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tertiary structure of each enzyme. These re- 
sults support the previous reports from our 
laboratories (4) suggesting an in vivo change 
in conformation during temperature accli- 
mation. 

Polyacrylamide gel electrophoresis of the 
two enzymes gave single protein bands in 
each case. When cochromatographed, poly- 
acrylamide gel electrophoresis failed to s e p  
arate the enzymes, using three different gel 
cross-linkages. 

The kinetics of the enzymes in the pres- 
ence of antisera were then investigated. As 
controls, serum of the rabbits, prior to im- 
munization (PB), and serum of rabbits not 
immunized (NI) were incubated with the 
enzyme for 5-min before assay. No  measur- 
able effect was seen on the kinetics of the 
reactions when reacted with either control 
serum. When specific antisera were incu- 
bated with the enzymes, for the same length 
of time, it was found that the kinetics of the 
enzymes were markedly affected. A Line- 
weaver-Burke analysis of the data indicated 
an irreversible change (Table I and Figs. 3 

The cold enzyme, when reacted with PB 
or NI serum, yielded a control K m  of 116 
pM and a V,,, of 0.238 pmole/min/mg. "2 O LT50 When reacted with ST antiserum to cold 
enzyme, the K m  was unchanged by V,,, was 
reduced to 0.066 pmole/min/mg, demon- 
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FIG. 2.  Results of interfacial microprecipitin tests. 
G3PDH 5", enzyme isolated from rainbow trout accli- 
mated to 5" and used as antigen. Other descriptors as in 
Fig. 1 .  

confirmed these results. Reactions of iden- 
tity were found between ST and LT antisera 
to cold enzyme when reacted with the cold 
enzyme, and also between ST and LT anti- 
sera to warm enzyme when reacted with the 
warm enzyme. However, reactions of noni- 
dentity were found between LT antiserum 
to warm enzyme and LT antiserum to cold 
enzyme when reacted with cold enzyme, as 
well as between LT antiserum to warm en- 
zyme and LT antiserum to cold enzyme 
when reacted with the warm enzyme. Thus, 
the LT antisera did cross react, but were 
distinctly different. Since antibody produc- 
tion is dependent on tertiary conformation, 
it appears that there is a difference in the 

strating marked inhibition. With LT anti- 

TABLE I .  REACTION KINETICS OF G3PDH AS 
AFFECTED BY ANTKERA TO "ACCLIMATED" 

ENZYMES? 

Test enzyme 
~ 

Warm (1 5") Cold (5") 

Antiserum to K,nb Vma,' Km V,,, 
Control 208 3.4 116 0.238 
Warm enzyme 208 0.83 116 0.201 

Warm enzyme 208 0.84 116 0.192 

Cold enzyme 208 3.3 116 0.066 

Cold enzyme 208 2.5 116 0.078 

ST 

LT 

ST 

LT 

The standard deviation of the calculated values are 
2 15% of the above value taken from the Lineweaver- 
Burke plots. 

K m  in pM. 
V,,, in pmole/min/mg. 
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sera to cold enzyme, the same K m  and a 
Vmax of 0.078 pmol/min/mg resulted. While 
not statistically different from each other, 
both experimental results are different from 
controls (P < 0.05). Reaction of the cold 
enzyme with the ST antiserum to warm en- 
zyme yielded the same K m  and a Vmax of 
0.201 pmole/min/mg, results not different 
from the control assay. However, reaction 
with the LT antiserum to warm enzyme 
yielded the same K m  but a Vmax Of 0.192 
pmole/min/mg , indicating only limited inhi- 
bition of the reaction (not statistically signif- 
ican t) . 

Qualitatively, similar results were ob- 
tained with the assays of the warm enzyme. 
When this enzyme was incubated with NI 
serum, a K m  of 208 pM and a Vmax of 3.4 
pmole/min/mg were obtained. With ST an- 
tiserum to warm enzyme, the same K m ,  but 
a V m a x  of 0.83 pmole/min/mg resulted, 
demonstrating significant inhibition (P < 
0.05). Reaction with the LT antiserum to 
15" G3PDH yielded the same K m  and a Vmax 
of 0.84 pmole/min/mg. Incubation with the 
ST antiserum to cold enzyme yielded the 
same K m  and a Vmax of 3.3 pmole/min/mg, 
not different from controls. However, incu- 
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FIG. 3. Lineweaver-Burke analysis of control 
G3PDH activity. The 15" enzyme has been allowed to 
react with ST (El) or LT (m) antiserum to 15" G3PDH, 
or ST (0) or LT (0)  antiserum to 5" G3PDH, or PB or 
control (A) serum. K ,  and V,,, values with respect to 
G3P were calculated by iterative curve fitting using 
weighted least squares. The standard deviation of the 
points with respect to the calculated lines is less than 
215%. 
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FIG. 4 .  Lineweaver-Burke analysis of cold accli- 
mated G3PDH activity. The 5" enzyme has been al- 
lowed to react with ST (0) or LT (0)  antiserum to 5" 
G3PDH, or ST (0) or LT (M) antiserum to 15" 
G3PDH, or PB or control (A) serum. K ,  and V m , ,  
values with respect to G3PDH were calculated by itera- 
tive curve fitting using weighted least squares. The 
standard deviation of the points with respect to the 
calculated lines is less than ? 15 %. 

bation with the LT antiserum to cold en- 
zyme yielded the same K m ,  but a Vmax of 2.5 
pmole/min/mg , indicating some limited de- 
gree of inhibition. 

Each antiserum reacted primarily in an 
irreversible manner with its specific enzyme. 
The degree of cross reactivity seen with the 
LT antisera indicates that the structures of 
the enzymes have areas of similarity. How- 
ever, the kinetic data indicate that the en- 
zymes are quite different in activity. The 
values obtained for the K ,  and Vmax of each 
enzyme are in agreement with those of 
Wolfe and Gray (4), the 5" enzyme having a 
greater affinity for the substrate, but a lower 
Vmax than the 15" enzyme. The subunits of 
the G3PDH molecule are probably identical 
in composition (9) with differing in vivo 
conformations in the two altered environ- 
ments. Antibodies formed to these enzymes 
were capable of distinguishing them, indi- 
cating such a structural change. These alter- 
nate forms of the enzyme are also quite 
stable, retaining their acquired differences 
through the purification process. 

It would seem that this multimeric en- 
zyme, composed of identical subunits, is ca- 
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pable of achieving different conformations 
as a result of chronic exposure to altered 
environmental temperature. This could re- 
sult in changed NAD+ binding to cause the 
different activities observed. Perhaps the ac- 
tual mechanism of the altered enzyme con- 
formation is dependent upon another tem- 
perature-dependent metabolic process, e .g., 
one leading to differences in in vivo salt 
concentrations at different temperatures. 
Still, our data do not rule out the possibility 
that the subunits of the acclimated enzymes 
are actually different, and that current 
methods have been unsuccessful in distin- 
guishing them. Such changes in subunit 
structure would also incite different anti- 
body production. However, the fact that 
long-term antibodies gave some cross reac- 
tions in vitro indicates that the subunit dif- 
ferences may be quite subtle. One might 
suggest new protein synthesis in cold accli- 
mation as a result of inducer-repressor 
mechanisms wi th  temperature change, 
where a gene capable of producing an en- 
zyme with but slightly different subunit 
amino acid sequence, becomes turned on in 
the cold. Such gene-related changes may be 
mainly the result of changes in the concen- 
tration of cell metabolites and ions previ- 
ously reported (10, 11). 

Summary. G3PDH was isolated from 
rainbow trout acclimated to 15 and 5”. Anti- 
sera to each of the enzymes were prepared 
in rabbits. Microprecipitin tests showed that 
the short-term (ST) antiserum reacted only 
with its specific antigen. However, with the 
long-term (LT) antisera, there was some 
cross reaction. Ouchterlony double diffu- 

of each of the G3PDH enzymes in the pres- 
ence of its specific antiserum were carried 
out. Specific ST and LT antisera signifi- 
cantly inhibited the activity of the enzyme. 
No significant effect was seen with the anti- 
sera to the noncomplementary enzyme. 
Some cross reaction was seen with the LT 
antisera in both instances. The Lineweaver- 
Burke analyses demonstrated no change in 
the K,,, while the V,,, was reduced, indica- 
tive of noncompetitive inhibition by the spe- 
cific an tisera. 
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