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SUblMARY 

I..Muscle glyccraldehyde-3-phosphate dehydrogenase (D-glyceraldehyde 3- 
phospha te :NAD oxidoreductase (phosl)horylating), E(' 1 .2 . i . i 2 )  from the Antarct ic  
cold-adapted fish l ) issost ichus mawsoni  has been examined for evidence of cold 
adaptat ion at the molecular level. It has been found to be very similar to the rabbit  
muscle euz\ 'me with regard to molecular size, amino acid composition, electrophoretic 
prot)ertie.s and pH activity profile. Similarity in the respective binding environments  
for the substrate glyceraldehyde 3-1)h~sphate i,~ suggesled by similarity of the KT,, 
values, susceptibility to substrate inhibition, reactivity with the specific acylating 
agent fl-(e-furyl) a c r \ l o \ l  t)host~hate, and the effects ,,f temperature on these charac- 
teristics. 

2. There were large differences in the utilization of NAI)" and its analogues. 
K,~ values ~d)scrved for the 1). mawsoni  enzyme with N: \ l ) , ,  t h i o - N A I ) ,  3-acetyl- 
t)yridine adenine dinueleotide, and 3-acetylpyridine hypoxanthine  nucleotide average 
about 5-fold greater than the corresponding values for the rabbit  enzynle. 

3. The activation energy ~f the glyceraldehyde 3-t~hosphate ~ ,x ida t ion-NAI)  
reducti,m reacti,,n as c a t a h z e d  by the I). mawson i  enz \me  is ~4 5oo .i: 17oo cal/inole, 
which is 1,~wer than the 18 IOO _l I2OO cal/mole characteristic of the reaction catalyzed 
1)\ the rabbit  enz\me.  The D. maa'soni has a higher sl)ecific act ivi ty near o: than the 
rabbit  enzyme. The 1). maws0nf enzyme also was neither inactivated nor dissociated 
by ATP or AMP at low temperature,  while the rabbit  enzyme was inactivated and 
dissociated under the same conditions. 

I NTROI)I.7( 'TION 

In tilt proces~ ,ff adapt ing to lowered environmental  temperatures,  poikilo- 
thermic animals may  experie.nce naetabolism shifts, f o r  example, cold-acclimated 
trout show increased O., consumption anti increased nmscle and liver glycolytic and 

• P a r t s  o f  t h i s  m a t e r i a l  w c r c  t a k e n  f r o m  t h e  t h e s i s  o f  F. ( ' .  (;. in p a r t i a l  f u l t i l h n c n t  o f  t h e  
r e , l u i r e n a e n t s  f~r  t h e  P h . l ) .  , l eg rce  in l~ , iochemis t ry ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  Dav i s .  
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pentose phosphate shunt metabolism; and there occurs a consistent increase in total 
activity of all lactate dehydrogenase isozymes of brain, heart and muscle of cold- 
adapted goldfisl¢,". Antarctic fishes ark good examples of the effects of natural selection 
processes operating in response to life at low temperatures. This is especially true 
of the fainily Nototheniidae, many of whose members spend their lives at water 
temperatures near --2" and who are obligatorily adapted to cold euvironinents z. 
WOHI.SCHLAG '1 has shown that native Antarctic fishes have higher O._, metabolism 
than predicted from studies on more temperate fishes. 

In previous studies of several cold-adapted Antarctic fishes, properties indica- 
tive of cold adaptation were fimnd in the blood clotting mechanism s, muscle aldolase ", 
and the muscle and heart lactate dehydrogcnases 7. In the present study, results of a 
more detailed characterization of the properties of the nluscle glyceraldehyde-3- 
phost)hate dehydrogenase (l)-glyceraldehyde 3-i)host)hate:NAl) oxidoreductase 
(phosphorylating), EC 1.2. ~.I2) are reported. (;lyceraldehyde-3-phosphate, dehydr~- 
genase was selected for this study because it is a key enzyme in glycolysis, representing 
the single oxidative step in the pathway 8 .10 and because its composition and properties 
from a variety of species have been well characterized. Comparative studies by 
ALLISON AND KAPLAN H, ALLISON AND HARRIS P~, and t IARRIS ANI~ PI'I'HIAM l:~ suggest 
remarkable interspecies conservation of composition and primary structure. This 
provi(les a basis for using the well-defined rabbit muscle enzyme as a reference in the 
present studies. 

MATERIALS AND ME'I'HOI)S 

D. mawsoni* skeletal muscle 
Live fish (approx. 50 lb) were obtained during mid-l)ecelnber I906 through 

holes in the ice sheet covering the - 1.9 ° waters of Mc.Murdo Sound, Antarctica. The 
fish were bled, killed, and cut into sections; these were immediately frozen at --2o ', 
shipped to Davis, Calif., at dry-ice temperature, and stored frozen at 2o2 The 
glyceraldehyde-3-phosphate dehydrogenase used in this study was prepared fiom 
muscle sections of two of these fish. 

Crystalline rabbit  muscle glyceraldehyde-3-phosphate dehydrogenase was ob- 
tained from Sigma, Boehringer Mannheim, or prepared from t¥ozen muscle by the 
method of FERDINANI) t4. fl-(2-Furyl) acryloyl l~hosl~hate was a gift from Dr. Sidney 
A. Bernhard, University of Oregon. N A I ) ,  thio-NAI)-,  3-acetylpyridine adenine 
dinucleotide, 3-acetylpyridine hypoxanthine dinucleotide, p-nitroblue tetrazolium, 
phenazine methosulfate, glyceraldehyde 3-phosphate, and fl-mercaptoethanol were 
obtained from Sigma Chemical Company. Other materials were commercially avail- 
able reagent grade. 

Enzyme purification 
C-lyceraldehyde-3-phost)hate dehydrogenase from D. mawsoui was prepared by 

a m~dification of the procedure of ALLISON AND KAPLAN 11, substi tut ing Set)hadex gel 

• D .  m a u , s o n i  is a m e m b e r  of  tile fami ly  Nototheni idae ,  suborder  l.'crcoidea, order Pen:i- 
fornaes. O the r  m e m b e r s  of  l: 'ercoidea include ]]'lack ]'kiss, Sea Bass,  l 'erch,  and  Snapper .  

B i o c h i m .  B i o p h y s . . - | e t a ,  - '2o (r97o) 43 ° -442 
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f i l t rat ion fl)r dialysis ,  and emt)h)ying s l ight ly  different l)EAV.-cellulos(~ ( ' h r o l m t t ( ) -  

g r a p h y  c()nditions. 
The lmril ied enzyme was ()btained as an am()rpht)us prc( ' ipi tatc ,  which was 

st()red ei ther  as a m(,ist paste  ()r a s  a c(mcentr: t ted suspension (at>t>r()x. i o  i n g ! l l l l }  in 
the supe rna tan t  fluid. On two occasions, the am()rl)h()us SUSlwnsi()n became crxsta l l inc  
(in st()ragc in the ('()ld. 

li u:.vmc acti;'i(v 
(;lyccraldehyd(~-3-ph()sphat(, dehydrogenasc  assax's wcre adap ted  from the 

incthod (if ('o:{z ('! alY'. The tinal reacti()n mix ture  ( total  v()lume 3.o nil) included 
o.03 M s()dium t )yrophosphate  (1>I-I 8.()), o. 5 mM gly( 'e ra ldehydc 3-ph()sphatc (de- 
termined by assay in excess N ; \ I ) ' ) ,  o.25 mM N A I ) ,  5 mM sodium arsenat(,,  i mM 
[1-mercal)t()ethan()l, and I mM EI )TA.  React ion was in i t ia ted  by the addit i (m (if o.oo 5 
ml (if enzyme solution with rapid  mixing. The t)rogrt,ss ,,f the re:wti,m (, 1.4 :))0 nm) was 
ill()llitorcd spcctr()l)h()t<)metrically. "l'(m~peraturc was ('ontr()lled t() : (). :~ in a jacketed  
cell holder with a circuhtting c()nstant tCml)crature bath .  Spccific ac t iv i ty  is cxt)resscd 
as tm~oles (if N A I )  reduced per rain p('r mg of pr()t(,in at 25". 

li/]?cts of adcuin,~ mtclcotidcs 
The c(mditions described by ( ' ()NSTANT1NII)I ' : .  <, AND I.)]-AI. 1~; xA'crt~ U~,cd in s tudying  

the cft\wts (it :VI'I ~ and AMP on cnzxnle a c t i v i t \ .  Enzxmc al iquots  (().: mg;ml) were 
incubated  fl ,r : h at o '  with o.I M imidazole o . i  M/:Lnwrcat>tocthanol buffer (p l l  7.0) 
conta ining :VI'I ) - r  AMP at concent ra t ions  from t t() I(S raM. Then ac t iv i ty  nlcasurc- 
I l l ( q l t s  W(.!rt, n l a ( [ c  ; i t  r ()()m t c n l [ w r a t u r c .  "1"4) ~.tudv tilt' effect of ATI '  ()I1 ( ] u a t c r n a r y  

s t ructurc ,  the tmzvmc was d iah 'zcd  o\ 'er i l ight  at 4 against  the imidazolc /.¢-nlt,rcapt,,-- 
e thanol  Imffcr, containing 5 mM ATP,  and sed imenta t ion  exper iments  pt'rf()rmecl at 
a l)r()tcin c(mccntrat ion (if 2 nlg,'ml and tempcra tur ( '  ( i f5 - 

Zorn' ch'ctrophorc.si.s, activity staining 
Cellulose ace ta te  ehwtrophoresis  was done in a Bcckman Microzonc appara tus .  

F, uffcr was o.i M Tris, o.oot M I.H)T:\, and o.oo~ M/~-mercaptocthant) l ,  t i t r a t cd  t() 
p l t  q.o with o. t  M glycinc. Disc ch'ctrot)horcsis was pcrfiwnled ace(waling to l ) a x l s  iv 
with o.oox M F.I)TA added.  I';nzvmc ac t iv i ty  was h)calizcd by the procedure (if" IA-I~- 
HERZ AND I¢.I'T'I'I.:R TM. 

:l pparcltt activatiou ,'m'r#,',~" 
Apparen t  ac t iva t ion  cnergie~ were de te rmined  from the slopes (if plots of log 

/,' vs. 1.7" according to the in tegra ted  Arrhenius  equat ion 1~', whe.re k max imal  
initial  rate  of cnzx 'mc-ca tahzcd  N: \ I )  ~ r educ t i . n  a~ de te rmined  from plots of 5 .'v 
;'.s. 5 i (rt.f. 2()). \Vhcn measurements  were to lie mad(' 1)eh)w () ,  the react ion buffer 
was made I7')(, [v..'v) in ethvh:nc glycol, which extends  the solution freezing point  t,) 

-0. 7 . Al) tm)prialc  controls  with tho e thylene glycol were d . n c  ab()vc o ' .  

Acvlatimt . f  glyc,'rahh'h3'dc-3-phosfihatc dchydrogcmtsc with fl-(2-flo[v]) acrvlovl phos- 
phate 

"['hc acvhtti(m and c,)rrcsponding dc:tcvlat ions were d o n ,  according t,) MAI.- 

l~v,~ h i m .  l¢ i , ,phyx .  .4cta.  22o ( UqT(q .t3o -4 t 2 
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HOTRA AND BERNHARD 21. Each react ion progress curve was ana lyzed  according to 

classical react ion kinetics"". 

Physical methods 
Tim molecular  weight of l ) .  mawsoni glyceraldehyde-3-plmst~hate  dehydrogenase  

was de te rmined  at  o.25'}o protein  concentra t ion  in o.o 5 3I Tris (pH ().o), o .oot  M 
f l -mercaptoethanol ,  o .ooi  3I EDTA bv h)w-st)eed sh()rt-('()lmnn (al)pr()x. 2. 7 ram) 
sedimentat i()n equi l ibr iuin at 3" and ()zOO rev. /min using a l~e(:kntan Model E ul t ra-  
centrifllge. High-si)eed sed imenta t ion  t, qui l ibr ium measurements  were made in o.~ 3I 
"l'ris (pl 1 7.o), o.ooI M EI)TA at speeds of 2o 4zo and 17 ()8o rev. /min (after HOAGI.AN D 
AXD "l'ELI.F.r~-a). Rayleigh interference optics  were used. Molecular weight values were 
calcula ted according t() the e(luatioIC4,'~'~: 

dlnc z,..e3/(t - vt..))>' 

dr Rl" 

The value of t)artial  si)e('ific volunle (o.73o cc/g) at 4:' de t e rmined  fl)r r abb i t  glycer- 
a ldehyde-3-plmst)hate  dehydrogenase  by .IAEXlCKI': Ct al. 'z~ was used in these calcu- 
lations. 

Sedimenta t ion  coefficients (s20,u,) were. de te rmined  from the slopes of  plots of 
log x vs. l according to S(:HACH~aN 27 at  59 78o rev. /min in the o.o5 M Tris (t)I[ 9.o), 
o.ooz 3I f l -mercaptoethanol ,  o.ooz 3I ED'I 'A buffer system. Protein concentra t ions  
were var ied from o.24 to o .34%, and Schlieren optics were used. 

Solut ions '  re la t ive  viscosities were de te rmined  b\ '  flow t imes in an Ostwakt  
viscometer .  

Amino acid anah,sis 
The amino acid comt>osition of the D. mm~:soni enzy'me was de te rmined  on 24-h, 

z zo:, (~ 3I H('I  hydroly 'sates,  using the Technicon amino acid ana lyzer  s t anda rd  system.  
No correct ions were made fl)r des t ruc t ion  or incomplete  hydrolysis .  

Thermal stat)il@, of glyccraldehydc-3-phosphatc delo,drogcnasc 
Enzyme (4.5/zg) in o.z ml of o. 4 M NaHAs().~ with or wi thout  o.or nfl o.oo0 3I 

NAI)~ was incubated  for 3o rain at  various tempera tures ,  cooled to o ° in an ice bath ,  
and assayed at z5 ° in the s t anda rd  assay mixture.  

I¢ I'-S U LT,'q 

Physical and chemical properties 
Yield and activity on pur(fication. Tile average specific ac t i v i t y  of fl)ur I). maa'soni 

glycera ldehyde-3-phos i )ha te  deh.vdr()genase pr(:t)arati(ms was 5o pmoles  of NAD" 
per min per nag under  the s t anda rd  assay condit ions.  

q'he yield of enzyme was approx.  3oo mg/kg of muscle, or 3 % of the ex t rac tab le  
protein.  Assays on crude muscle ex t rac t s  indicate  higher to ta l  dehydrogenase  ac t iv i ty ,  
based ei ther  on tissue weight or ex t rac tab le  protein.  

3Iolccular size. Sedimenta t ion  coefficients (s..,o.~,.) at o.3"(, protein concent ra t ion  
of 1). maz~'soni enzyme were ca lcula ted  as 7.05 S at 2o" and 7.52 S at f .  Molecular 

l~i.ch t i n .  BioI,hys. .q cta, 22o { t97 o) -t 30 44 -' 
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l:'i~. I. Concentrat ion dependence of  glyceraldehyde-3-ph,~spllate dehydrogenase molecular wciRht 
A. l ) .  mawsonz muscle ~lycerahlehydc-3-phosphate dchydro~enasc with r. 5 molc~ N.,\I) ~ per 
mole. ]k Ral~bit muscle ~lyccrahtchydc-3-phosphate dc, hydrogenase with r.S moles N : \ I ) "  per 
mole. Buffer. ~).n M Tris o.o~t M I ' I )T : \  (171t 7.o); Temperature, 4'. In i t ia l  protein concentrations 
are: O, o.75X.'1: " , o.5c~g/l: i .  o.-'5~/1. 

weight determined at o.27'',, protein was approx. [42 o0o by low-speed sedimentation 
equilibrium. The owresponding values at infinite dilution for rabbit  muscle enzyme 
are: s%_o.w 7.7 T S (ref. 28) and tool. wt. I45 ooo (ref. 2q). 

Results of high-sl)eed equilibrium sedimentation experiments are given in Fig. ~. 
The enzyme from both rabl)it and D. mawsoni muscle tends to dissociate at low eon- 
centrat ions, and the go¢)(I overlap of the datlt tr¢)lll three different initial concentrations 
suggests dissociation equilib!ium. 

Multif l lcforms of the enzyme. \Vhen a crude extract  of 1). mawsoni muscle wits 
subjected to cellulose acetate electr, q)horesis and stained for glyceraldehyde-3-phos- 
phate dehydr,~genase activity, flmr distinct bands were observed. A rabbit  muscle 
extract  showed onh" a single band when treated by the same procedure ' .  

Two chr~mmt~graphic peaks of activi ty were res,~lved in the purification pro- 
cedure. 1)isc gel electr,)phoresis, followed by stains for enzyme act ivi ty and protein, 
indicated one main c¢mlponent, with slight cross-contamination. The two peaks had 
similar specific activities over most of the elution range. The effect of temperature on 
reaction \'~qocitv was also similar for the two peaks, so the experimental w,,rk reported 
here was d~me with the tw,,-isozvme mixture. 

Amino acM composition of the e~zvmc. Table 1 gives the integr~d amino acid 
compositi(m ,,f mus,'le glyceraldehyde-3-phosphate dehydrogenase from I). mau'soni 

" S e p a r a t i o n  by  i soch,c t r ic  focusing, of  r a b b i t  m u s c l e  R l y c e r z d d e h y d t > 3 - p h o s p h a t c  d e h v -  
d r o g e n  lse in to  f ive l w a k s  of  a c t i v i t y  has  r e c e n t l y  been  r e p o r t e d  a°. 

Hioch ira. INophy,< .'t eta. 2 zo ( r q 7 o) 43 ° -4 t z 
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TAt?,I .I :  I 

A P P R O X I b l A T E  A M I N O  A C I D  C O M P O S I T I O N  O F  G L Y C E R A L I ) I ' ~ H Y D F - . ~ - P H C / S P H A T E  D F H Y D R O G E N A S E  

St'BUNITS (RESIDUES PER 36 250 g) 

] ) a t a  o b t a i n e d  f r o m :  D. m a w s o n i  ( th i s  s t u d y ) ;  h a l i b u t  (ref. 4o);  r a b b i t  (ref. 4 I ) ;  s t u r g e o n  (ref. 4 ° , 
w i t h  e x c e p t i o n s  of  v M u e  for h a l f - c y s t i u e  f rom ref. 4-'); l o b s t e r  a n d  p ig  (ref. I3). 

A m t n o  D.  m a w s o m  H a l i b u t  l?ahbtt S turgeon l .obstcr P ig  
ac id  

: \ s p  39 44  3 ~ 39  32 3 ° 
T h r  21 - 22 I 8 24 20 20 22 
~er  I0-.20 22 21 1 t% 2.~ 19 
Glu  20 23 2o 2o 24 I ,~ 
P ro  13 -I 4 13 13 13 I2 12 
( ; l y  3 ° 29 34 29 3 ° 32 
A la  35 30 32 32 34 32 3-' 
Val  3(>-31 32 34 3 ~') 38 32 
CxO, 4 t 3 5 4 
.~/et 9 9 9 9 i o  9 
] le  I9  22 1,  ~, 2 0  I S  I 0 

l . e u  1 7 t9  19 19 [ 8  17 
T y r  1 o [ o 9 z 2 ,~ 9 
Phe  13-14 15 14 14 15 12 
L y s  _,,~ 26 2¢) 20 2,-i 25 
l t i s  2 r 13 z z 6 5 [ 2 
Arg  i i l i i i i i () I t )  

T r p  4 4 4 4 3 3 

IOO 

75 

25 

0 :b.-- 
Co 70 ° 

o 

o o 
o o o a ' ~  

,,, 

, ,o 
ol 

I I [ 
10 o 20 ° 30 ° 40 ° 5.5 ° 60 ° 

TEMPERA TURE 

. e~ -o  

i ~ IO 3 20° 

? lC 20 3£ 

s. o~ 3,P] 

l"ig. 2. H e a t  s t a b i l i t y  of  r a b b i t  a n d  D. m a w s o n i  g l y c e r a l d c h y d e - 3 - p h o s p h a t e  d e h y d r o g e n a s e .  
4.5 P g  e n z y m e  were  i n c u b a t e d  for 3 ° ra in  a t  i n d i c a t e d  t e m p e r a t u r e ,  in t he  p r e s e n c e  of  o .0006 .M 
N A I ) %  o. 4 M N a l I A s O  4 ( to t a l  v o l u m e  o.x inl), i m l n e d i a t e l y  coo led  to  o *, a n d  a s s a y e d  a t  t 5 ' .  
- ; - - _ 3 ,  r a b b i t :  0 . . . .  Q ,  D .  m a w s o n i .  

Fig. 3. 5 u b s t r a t e  i n h i b i t i o n  of  r a b b i t  a n d  D. m a w s o n i  g l y c e r a l d e h y d c - 3 - p h o s p h a t e  c l e h y d r o g e n a s e  
by  g l y c e r a l d e h y d e  3 - p h o s p h a t e  (GAP) .  I ) e t e r m i n a t i o n  of  I l l .  I n i t i a l  r e a c t i o n  v e l o c i t y  is p l o t t e d  
versus  t h e  log of  t h e  s u b s t r a t e  c o n c e n t r a t i o n .  The  K~ v a l u e s  a re  e s t i m a t e d  f rom tt{e in f l ec t ion  
p o i n t s  a t  t h e  r i g h t  l i m b  of  t h e  cu rve .  A. R a b b i t :  ) - - - , ' ) ,  2o"; O ' - - Q ,  - o . 5 " .  B. I). m a u , s o m :  
~2)--C' ,  20°;  H ,  - - I . 8 : .  

Bioch im .  l~iophys.  Ac ta ,  , 2 0  ( t97  o) 430 -44  -, 
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i tn ( ]  several  o ther  sources. I n  general ,  the t,llZ',,nlt!s ;tlt' qu i te  s imi lar  in c(mlposi t ion.  
Boumt ,V, I D ' .  "l'hr .-tas 0 nm,,'.-la, 0 nm rat io  (~f 1). mmcsoni ind ica ted  a bound  

NAI)" con t en t  of al>m~t 4 ntolt ,s .nmh, o f  e n Z . V l l l t ' ,  while the  :1.,,0 nm of the supern ; t t ;mt  
fluid af ter  p rec ip i ta t i ,m from o.o2 M It('1()~ ind ica ted  3.2 moles N A I )  per lllolt, of 
cnzvlll( ' .  These values  arc s imi lar  It, \ ' , i t]tiCS ()l" t , , tal  :n and  c n z v n l a t i c a l h  rcduci t ,h  '~ 
N A I ) '  repor ted  in the l i te ra ture .  

Heat sta//litv. The re la t ive  act ix ' i tv r ema in ing  af ter  3o rain at the ind ica ted  
t c m p e r a t u r r s  is shmvn in Fig. 2. The temt)cra tures  t~l 5o",, res idual  a c t i x i t \  f,~r the 
fish and  r abb i t  cnzxnlcs  arc >ilnilar at 55 • 

(;atah'tic pr@crtics 
p l l  acti~'itv pro.fih'. N,,rmal ized ( m a x i m u m  a c t i v i t y  defined as IOO0t,) pH 

a c t i v i t y  profih's ~flrabbit  and  It. ma;cso~ti glx'ceraldehx'de-3-ph~sphatc dehvdrogenases  
at approx.  4 and  appr~x.  2 o  were d e t e r m i n e d  in o.I .M Tris--o.oo 4 M cvs te ine  lmfl\~r; 
pH m e a s u r e m e n t s  were made  at the tclnpcrature of the  a :sav .  The curves  arc qu i te  
s imi lar  bch)w p i t  9.o. An a p p a r e n t  inflecti~m point  ()cctlrs at apt)fox, pH 7.5 for ca,'h 
cnzyntc ,  at b()th temperatures. 

5uhstratc i~hibilio~z. Fig. 3 shows plots o f  log~0 subs t r a t e  c o n c e n t r a t i o n  vs. in i t ia l  
vc loci tv  fl)r the fish ap.d rabbi t  enzy'mcs, rcspectix'cl~, at  moclcratt '  (2o)  and  h)w 
( 1.8 ) tcmt 'mraturcs .  I nh ib i t i on  c o n s t a n t s  (Ki)  d e t e r m i n e d  from the  inflect ion point> 
are s imi lar  fi~r the tw, J enzymes  at  a p p r o x i n m t e l y  z m.M subs t ra te .  The  Ki \ ' a lucs  
shiny no a p p a r e n t  t eml le ra tu re  dependence .  Su b s t r a t c  inhi l ) i t ion of tilt. r abb i t  cnzxmc  
17 3" g lycerahh.hydt '  3-phosIIhatc  has been repor ted  at p l l  7.4 by  l"t'm.q x v .xxl~ Vl-I.I(l.:. ::t2. 

l¢cactio~t vcl,c~tics, ,ll ichaclis consla~lts, amt their h'm/)craltm" rclalio~ls. Rclat ion~ 
~I vi t~) g lyce ra ldehydc  3-ph()sphate cont't,rttrati~ms were d t ' t e r ln ined  flJr glyccral-  
dchydc-3-ph~spha t t '  d t 'hydrogcnascs  from rabb i t  and  It. ma','so~ti musclc  and  from 
\ c a s t  at scvt 'ral  t en lpc ra tu rc s  an d  o.2 5 ir~M NAI)  ~. (The yea>t da t a  arc incluth,d its 
ret)rcscntativc ~1 a d i s t a n t  species an d  as a test  ,,f mechan i s t i c  s inl i lar i ty . )  l'l~,t~ ~'' of  
S ..'v ;'s. N , I)ascd tm tilt' cquati~,n 15 .~' K , , I '  - .~" . I ' ,  virl(h 'd al)lZtrt 'nt 1" and  

]x'm values.  
The relati~m of Km (substrate)  to tcmt)erclture is shmvn m l:ig. 4. An add i t i ona l  

/x'm vidue fl)r the  1). ma;~so~zi tmzymc., mcasurvd  in ~7",, cthvlenc, glyc(d • at 2 , 
was o.2 3 raM. TIw \ 'a lucs  for r abb i t  and  D. ma'~t,stmi are s imi lar  in nt ; tgni tudt '  and  in 
t cmpr r , t t u rc  dcl)cndcncv,  showing an t .xpcctcd gradtml increase with increas ing 
tcml)craturc. The \ a l u c s  fl)r \ c a s t  are much  h i the r ,  howex'rr, at(rand o.S 5 raM, and  

sll~w ",t general different  tc Inl )era turc  t rend.  
.-lcli;,aho~z cm'r~ics. A p p a r e n t  ac t iva t ion  energies (Eat for the cnzxn~c -ca t ahzcd  

reac t ion  \vcrt, d r t e rn t im 'd  fr~m~ Arrh t 'n ius  plots (fl" the m a x i m a l  \clocit.x." d a t a  (Fig. 5). 
The tisll enzxn le  ha-; an Ea of 14 5 °o  . :  t 7 ° °  cal.:mole, which is lower t h a n  the va luc  ~d 
IN ioo - I 2 O o  cal.m~flc ob t a ined  for the  r abb i t  v n z v n t e " .  It  is alst~ ap lmren t  from the 
Ar rhen ius  ph,t tha t  the  ma x i ma l  a c t i v i t y  of the fish e n z y m e  is s imi lar  to tha t  ~)t the 
rabl)i t  e n z v n w  at 2 5 b u t  is approx,  twice grea ter  at  h)wcr ten~pcratures .  The Ea of 
the rcacti(,n with the \ 'cast  r n z \ n l e  is approx.  ~.~, 4oo cal/moh~. Ar rhcn ius  plots werc 

• ](  hil>; b(. 'cll l 'CpOl ' t t ,d  It\" ISI';RSb:()VI'I 'S AND |.A%I~Ox, VNI~.I :~:~ |h~L( c t h y h ' l l c  ~ l y t ' o l  df~cs ll(~t 
structurally perturb proteins. 

"" The i o J l i z l t t i (m  state of the sullstr~ttc is llOt likclv to chan~4c signilicantly in this tcmpcra. 
l l l l ' t '  riLIl,~l_' l i t  pl I ~.~,. ~o i t  Nhot l l d  llflt  ¢:oml~l ica tc  t i l t '  tt.'lllI'K'l';l~*llr¢! d O p e l l d l ' l l ( ' C  ¢)f t i l t '  r c i t c t i o l l .  

l]i,,~h~m, l¢i,,phys..l~ta :2o (r97',) 13 o - !12  
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F i g . . t .  D e p e n d e n c e  o f  K , ,  ( g l y c e r a l d e h y d e  3 - p h o s p h a t e )  o n  t e m p e r a t u r e  f o r  r a | ) b i t  m u s c l e ,  D. 
maa,soni  m u s c l e ,  a n d  } ' ca s t  g l y c e r a M e h y d e - 3 - p h o s p h a t c  d e h y d r o g c n a s e .  A s s a y  d e t a i l s  a s  in t e x t .  

F i g .  5. A r r h e n i u s  p l o t s  fo r  g l y c e r a h h . ' h y d e - 3 - p h o s p h a t e  d e h y d r o g e n a s e  f r o m  r a b b i t  m u s c l e ,  D. 
maw.~,)m n l u s c l c ,  a n d  y e a s t ,  l : . n z v m e  c o n c e n t r a t i o n  a p p r o x .  2 • z o -~ M, l" in u n i t s  o f  . 4 / r a i n  p e r  rag .  
A s s a y  d e t a i l s  in t e x t .  

also made from data obtained at a lower substrate concentration (0.45 raM), which is 
closer to l)hysiologieal concentration, and where the Km values become influential in 
determining reaction rates and temperature dependences. These curves could be 
corrected to approximately straight lines if logl0[v(Km -i- So)/So] (from rearrangement 
of the Michaelis-Menten equation) were substituted for lOgl0v in the plot with K,n 
values taken from data of Fig. 4. The slopes of these straight lines approximate those 
of the corresponding log V ",,s. I /T lines in Fig. 5- Thus the temperature-activity 
relations observed at maximum velocity also prevail near physiological glyceralde- 
hyde 3-t)hosphate concentrations. 

Effects of adc,ine nucleotides. The effect of ATP and AMP on enzyme activity 
is shown in l:ig. 6. The activity of the rabbit enzyme is reduced to 35°,o of the control 
value after incubation with I mM ATP and to only 10% of the control after incubation 
with 8 mM ATP. The D. mawsoni enzyme retains approx. 75°0 activity at I mM ATP 
and appr~x. 7o".. activity at 18 mM ATP. In addition, the I). mawsoni enzyme retains 
approx. ()5(',, of control activity after incubation with AMP concentrations as high 
as I,'q raM. 

The dissociation of the rabbit enzwne by ATP at low temperature described 
b V  ( . ' O N S T A N T I N I I ) E S  A N D  I ) E A L  1~ ,, ' , 'as confirmed in sedimentation velocity experiments. 
A o.2"i, solution of the rabbit enzyme in 5 mM ATP had two peaks with s"._~i'd values 
()f 7.47 and 4.43 S. Sedimentation in the absence of ATP yielde(t a single boundary 
with an s~;~i ]' value of 7.62 S. In contrast, the D. mau,soni enzyme gave only a single 

l~iochint, l lzo/)hys. Acta.  22o (197(.)) . t 3 o - 4 4 2  
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NUCLEOTIDE CONCENTRATION (raM) 

Fig. h. I".*Ycct t)f adenine  nucleotide~ on glycerahtehydc-3-1)hosphatc  dehydro~cnasc  ac t iv i ty  
E n z y m e  a l iquots  (o.~ xng/ml) were incnba tcd  for I h at o with the  o.r 3I imidazolc-o . t  31 fl- 
naercaptocthanol  buffer (pH 7.o) and  the  imlicatcd nucleot idc concen t ra t ions .  Ac t iv i ty  mcasurc -  
l ' l l O l l t S  w o r e  t h o n  I l l ; . H | C  ~ t t  2 5 . 

I ) o u n ( l a r v  in t h e  a b s e n c e  , ; f  A T P  .,,.z% (s .. . .  7.7 ° S) a n d  in t h e  p r e s e n c e  o f  ..VFP (.S,o,,,.,::, 

7 .58  S) (F ig .  7), c , m f i r m i n g  t h e  r e t e n t i ( m  o f  e n z y m a t i c  a c t i v i t y  in t h e  p r e s e n c e  o f  A T P .  

l,;in,'tics amt stoichiometry of acvlation of I). mawsoni glyccrahtehydc-3-phosphate de- 
hydrogenasc hy [4-(2-furyl) acrvlovl phosphate 

l-[fcct of A'..I 1)- on the rate amt sloichiomctrv of the acvlation. According to M,\L- 

Fi~. 7- l-tfect of  A'I'I ~ on sed imen ta t i on  veloci ty  of  1). mau,s:m~ glycerahlehyd~'-3-phost)hatv 
dehydro:4enase,  l ' inzvmc was dialyzed ove rn igh t  a t  4 '  aga ins t  the  o.~ M imidazolc..o. 1 .Xl fl-mer- 
Cal)tocthanol lmlh.r  (i)t [ 7.o), wi th  or wi thou t  5 mM A'I'I); t hen  used at  2 mR-tnl concen t ra t ion  in 
s ed imen ta t i on  veloci ty expe r i men t s  a t  5 ~. Upl)cr pa t te rn ,  with ATI ', .~°if,':',~ 7.58 S: h)wcr pa t t e rn ,  
wi thou t  ATI' ,  .,~iff,{, 7.7 ° S. l¢.otor velocity was 59 7 ,~o rev. /min.  Bar an~zh*s were 7,V at  u t rain 
aml 5 ° ; t t . t7 rain. 

l~imkzm, lCwphys. Acta. _,2o (t,~7 o) 43 o-44 z 
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"I'A I~LE l I  

E F F E C T  OF N A D  + C O N C E N T R A T I O N  ON S T O I C H I O M E T R Y  A N D  R A T E  OF A C Y L A T I O N  OF I). mawsoni 
AN[)  R A B B I T  G L Y C E R A L D E I I Y D E - 3 - P t I O S P H A T E  D E I I Y I ) R O G E N A S E  

T e m p e r a t u r e  2.i ::. 

Glyceraldehyde- 3-pt,osphale 
dehydrogenase 

f l - (e - fmyl ) -  (;lyccral- ( N A  D +)" k acylation Moles 
acryloyl dehyde-3 . . . . .  (sec -t × io a) acyl 
phosphate phosphate ( l-nzyme) group 
(p M)  dehydro- bcmnd 

genase per mole 
(tt31) cnaymc 

D. mawsoni 3 9 0 0  7 .23 i .o I. I 2 1.66 
3900  8 .50  3.3 " . 5 8  I .$ I  
3900  7..53 5.5 3 .55  2 .07  

l¢ ,abbi t  m u s c l e  3700  7 .65  1.7 3 .08  1.73 
3 7 0 0  8 .33 1.8 3.02 1.82 

" M o l a r  ratio.  

HOTRA AND BERNHARD 21 fl-(2-furyl) acryloyl phosphate acts to acylate active site 
sulfhydryls of glyceraldehyde-3-phosphate dehydrogenase, causing, in the rabbit 
muscle enzyme,  a perturbation of the furylacryloyl ,J-max from 307 to 344 nm. 

Results very similar to these were obtained with the D. mawsoni enzyme, which 
reacts at a pseudo first-order rate to form an acyl enzyme with a characteristic ab- 
sorption maximum at 345-346 nm. Some rate constants and reaction stoichiometrv 
data are given in Table If. Both reactkm parameters are directly related to the NAD+/ 
enzyme ratio, in general agreement with the rabbit glyceraldehyde-3-phosphate 
dehydrogenase report. Also shown in Table l I are results of aevlation of rabbit nmscle 
glyceraldehyde-3-phosphate dehydrogenase. These rates are comparable to those 
reported by MALHOTRA AND BERNHARD 21. I)ifferences in tlm acvlation rates of the 
two enzymes may reflect different affinities for NAI) +. 

The reactions assume a higher order of enzyme concentration dependence at 
- -3 :, but their reaction rates appear similar. 

T A  BIA': I l l  

F. F F E C T  OF T E M P E R A T U R E  ON R A T E S  OF D E A C Y L A T I O N  OF / ) .  IHafusO~H" A N D  R A B B I T  A C Y L  G L Y C E R A L -  

I ) E I I Y D E - N - P I I O S P H A T E  I ) E H Y I ) R O G E N A S E S  BY A R S E N A T F  

Source of AsO. I A c y l  glycer- Temp. 
glyceraldehyde- (1~31) aldchyde-3- 
3-phosphate phosphate 
dehydrogenase dehydro- 

D. mawsoni 64 o o o  2..50 24 ~ 
65 300  2.84 I4 ~ 
66  300  2 .30  2" 

Rabbi t  66  6oo  3 .17  25 ~ 
66  6 o o  2 .78  14.8"  
66  6 o 0  1.27 0 . 7  <> 

k deacvlation 
(l.mo?c-~.s,'c-') 

3 0 6 0  

75 ° 
270 

5 2 1 o  
144o 

.to5 

t~iochim, thophys. .4cta, 22o (197 o) . t3o-,i .12 
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" f : \  I+l.l ' i  t \ "  

t"flI.1ZATION oF  . ~ : \ [ ) "  
I ;1,; N ASI,. 

" l c t n l u ' r i t t u r t ' ,  "5 • 

( o + + l  ; ~,'~)l+ 

A+NI) +~.\1)" AN.~.I.f)(;N 1~'~' (;LY('I'.'IIALI)I£1LYI)I';-.~-I'HONI'llAT}~ I)I';II'CI)RO- 

. 4 p p a r c n t  m a a t m a l  l¢clat tvc  m a . v t m u l  .-lp/>ar,'++t A' , ,  '. 1~,:' Nat i , ,  , , f  
r c l , ~ t t v  at o. 5 m 3 l  rch ,cz ty  ( . U )  apparc  ut 
/.,lyccrald+'hyd+ I~',,, ~,alu, .~ 
3 ph,,.~bhah" / I k  mu;,  
(]/IH!~[F.~ ('!Wll~.Vt)l~ :' .~'()11l." 
mln p+ r m.~, pr,,t+'lll ) ~abb+t) 

l~ahhd l) .  ma~ '  IPabtJzt l ) .  maP;'- Rabts~t 1). ma+~ - 
5¢ JH I S!~H l Nt)t l  l 

.~ : \  [) ' 22.. I .+I., l " I C)O.<) I <)O.O I.S<) 7A)2 4.2 

T h i ° - N : \ l )  + "'4 2-3 <).3 7"-' 4 ' 35  23-5 5.4 
3 - : \ c e t y l p y r i d i n c  

Adt?nit lc  dintlcl(.+()li(It ' I .o (>.O 1"5 2 .:"; I 5 ""; ()> J '() 

3 - . \ c e t y l i ) y r i d i n c  hyl)()- 
x a n t h i n e  n u c l c o t i d c  o. 7 (>.4 3._ ) i .~  14.~, ~ s I 5  ~ 5 . 7  

" T h i s  p r e p a r a t i o n  <,f e l l z y m e  h a d  b e e n  stot ' t !d  fo r  s o m e  t i n l t '  a n d  h a d  a s l i g h t l y  Iowt.r  

s p e c i f i c  a c t i v i t y  t h a n  m o s t  p r e p a r a t i o n s .  

I )cacvlal ion rah's. :ks previously noted 21, the deacvlation does not f()lh)w simple 
lirst-()rd('r kinetics. Rates obtained from sec()nd-order (acyl enzyme) I>h)ts are shown 
in Table I l l .  The dca('vlatcd enzyme had approx. 7o'I .  of its ()riginal activity.  "fhc 
deacvlation <~f the rabbit  /./-(2-furyl)acryloyl enzyme is faster at each tcmpt ' raturc 
than its I). mawsoni ( 'ounterpart.  However, the dependence of dcm'xlation ratc o n  

t( 'mperature is similar f()r the tw() acyl enz\mes.  
l i n : v m c  act iv i t ies  wi th  A:.-II) ) and  :\:AI)" analogm',s. Micha('lis constants and 

at)parent maximal reaction \eh)citics were determined flw D. maws0ni and rabbit  
muscle glycerald(qx)'de-3-ph()sphate (tehydrogenases utilizing NA1)- and three ()f its 
a)mh)gues (Tabh. IX'). l'()r a given (-()t~nzynlc., the corresponding I" values with the 
two enzymes arc re]at iv( 'h similar, in ('()ntrast t() th(' large differcn('es bctw('(+n c()rr(,- 
xp()nding apparent  K m  vahxcs (the l'*'m values pr()bably ('()rr(,sp()nd t ( ) the  enz\ 'mt's '  
m()st w( 'akh  binding NAI) '  sites). In each case, the larger appar('nt l','m is char', , '-  

tcristic ()f the D. mawso~zi enzyme, ~t,,,{~raging, ab()ut 5 times greater than [()r rabbit 
t . n z v t + t l (  `. 

I)I~( ' I '%%1ON 

A CUml)arison of tile I). m a w s o n i  ~tnd rabbit  glyceraldehyde-3-t)host)hate de- 
hydr<)genases has shown the fish enzyme to have several characteristics favoring its 
functioning ~tt low temperatures.  The activation energy of the reacti<ql of I). ma;cmmi 
glycvraldchyde-3-ph(,sphate deh)'dr(>genase has l)t!en measured as 1 4 5()() : 17oo cal.. 
in()h+, and tllat ()t" rabbit  must'I(! glycerakh'hyd( '-3-phosphat( '  dt,hydr()genas(' as 
iS o()() , 12oo cal..m()h,. The difl\,rence is ()f thermodynamic  significant(+. :\ h)w 
a('tivatiun energy coukl be advantageous in a c()kl-adapted enzyme, f(~r cxaml)h', 
bt,('ause it iml)li('s that  at larger l>r()portion ()f the enzyme m<)leculcs w<)uld l>c in an 

l l t , , c h i m ,  t t i , , p h y s . . - I d a ,  22o (1o7 o', 13<> t.t2 
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act ivated state at a given temperature than would those enzymes with a high acti- 
vation energy. Consistent with this is a higher specific act ivi ty of the fish enzx me than 
that  of the rabl)it enzyme at low temperature.  Activation energy measurements  by 
('.¢)wl.:v a4 of ~(~ ooo cal/nmle for rabbit nmscle and 14 5oo cal/mole for lobster and c ,d  
agree with these conclusions. 

l :urthermore, in the presence of A'I'I ~ at h)w temperatures,  the 1). m a a ' s o n i  

enzynle is much less sensitive to inactivation and dissociation than is the rabbit  
enzvme. This property of resistance to inactivation would also be advantageous f(,r 
the lish. :\ similar relative insensitivity to ATP has recent l \  been reported for glycer- 
aldehyde-3-phosphatc dehydrogenase of honeybees* which are exposed to low telnper- 
aturcs during hibernation. The difl]nential perturbation of the rabbit  and I) .  m a w s o u i  

enzymes bv ATP persisted unchanged to tilt' highest protein concentration (2 mg/ml), 
whereas sedimentation equilibriunl experiments at c()neentrations as h)w its o.25 nlg. 
ml in the absence of A'FP faile(t to detect differences. "l'he reactivities ~)1" the two 
enz \mes  with NAI)  + and N A D '  analogs also indicate structural differences which 
may possibly be related to the difference in ATP effect. 

No significant differences between the two enzvines are indicated by the physico- 
cllemical studies. Similarities revealed by the acylat ion-deacylat ion experiments, the 
susceptibilities to substrate inhibition, and K,,-- temperature dependencies indicate a 
renlarkable degree of identi ty in tilt." active site region of the two enzymes. HOCHACHKA 
ANI) St)MI..'RO ar',36 and So3II..'RO a7 have suggested, based on studies of lactate dehvdro- 
genase and pyruva te  kinase from several poikilothelms, that  enzymes of such animals 
become adapted to exhibit minimum substrate Km values near the animals'  environ- 
mental  temperatures.  Analogous Km nfinima have |)(.,ell observed neither in the 1). 

llltlW.golli enzvnle nor ill the poikilotherm aldolase s tudy - f  KO.M..XTSt' ANI) ];I-ENI.iY I;. 
KAYNI.; AND ,~EU1.TEI*I :)8,au have reported that  a c(mf(~rmational change in rabbit 
nlust'le pyruvate  kinase accompanied by change in activation energy may be mediated 
by change ()f temperature,  pH, and c~mcentration of act ivat ing cations. Similar 
alterati,ms in t)oikilotherinic pyruva te  kinases might well be accompanied by Km 
ininima, and may not be of adaptive significance. 
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