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SUMMARY 

The conformation of D-glyceraldehyde-3-phosphate dehydrogenase was studied 
by means of spectropolarimetry under various conditions. I t  was shown that  at 
neutral pH the enzyme possessed a compact globular structure with approx. 4o% 
u-helical content. When the pH was altered, a change in secondary and tert iary struc- 
ture was observed which was manifested in the change of a-helicity and in the un- 
coiling of the molecules. Sodium dodecyl sulphate produced a change in the ter t iary and 
quaternary structure, i.e. uncoiling of the molecules and the division of the enzyme 
molecule into subunits, while the secondary structure remained unchanged. The 
coenzyme (NAD+) and the substrate (glyceraldehyde) produced conformational 
changes in the apoenzyme molecule. The results can be interpreted in terms of KOSH- 
LAND'S "induced-fit" hypothesis. 

INTRODUCTION 

The modern concept of the nature of enzymic activity is based on the assump- 
tion of conformational fluctuations in the enzyme macromolecules. According to this 
hypothesis, substrate, coenzyme and other effectors stabilize certain conformations, 
the structural fitness between the enzyme and the effector being obtained (according 
to KOSHLAND1-3). KOSHLAND'S hypothesis has had several indirect confirmations ~,4,5 ; 
there are, however, few direct proofs of a change in the structure of t~e enzyme 
caused by  its interactions with the effectors 6-s. 

The aim of this work was to s tudy the structural changes in GAPD (n-glycer- 
aldehyde-3-phosphate:NAD+ oxidoreductase (phosphorylating), EC 1.2.1.12) caused 
by  changes in pH and by  the influence of coenzymes and substrate. We used the spec- 
tropolarimetric method as giving direct information concerning molecular structure. 

GAPD catalyzes the reaction of oxidation of D-phosphoglyceraldehyde pro- 
ceeding in two stages: 

Abbreviations:  GAPD, D-glyceraldehyde-3-phosphate dehydrogenase; ORD, optical 
ro ta tory  dispersion. 

Biochim. Biophys. Acta, 132 (1967) 260-27o 



CONFORMATION OF D-GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE 261 

R-C--H + E-SH + NAD+ ~- R - C - S - E - N A D H  + H + (I) 

o o 
R-C-S-E-NADH + HPO, 2- ~- R-C-O-PO3 z- + E-SH + NADH (2~ 

O O 

where R-CHO is the substrate with the aldehyde group, E is the enzyme, NAD + is 
the coenzyme (nicotinamide-adenine dinucleotide), and NADH is reduced nicotin- 
amide-adenine dinucleotide. 

In the first stage, the coenzyme is bound to the enzyme first, and then the sub- 
strate is bound ~, the ternary complex being fairly stable. The oxidation of substrate 
and the reduction of NAD+ take place at this stage. The phosphorolysis of the enzyme-  
substrate bond and the removal of the phosphorylated product (I,3-phosphoglyceral- 
dehyde) proceed in the second stage. This stage requires the participation of ortho- 
phosphate or arsenate. The reaction rate is known to be a function of pH. Thus, in 
this reaction the conformation of the apoenzyme may  be tentat ively assumed to be 
affected by  the following influences:(I) the influence of NAD + upon the apoenzyme ; 
(2) the transformation of NAD + into NADH and the action of NADH upon the apo- 
enzyme; (3) the formation of the complex R-CO-SE with the substrate and its slow 
hydrolysis. The present paper  deals with at tempts  to evaluate the parts  played by 
these factors in the conformational changes in the enzyme. 

MATERIALS AND METHODS 

Materials. GAPD, recrystallized four times, was isolated from pig skeletal 
muscle according to the method of EL~DI AND SZ/DRENYI 1° at the Biochemical Inst i tute 
of the Hungarian Academy of Sciences in Budapest. The molecular enzymic activity 
of GAPD (mol.wt. 14o ooo) with D-phosphoglyceraldehyde as substrate was i i  ooo- 
12 ooo at pH 8.5. The calcium salt of D-phosphoglyceraldehyde was obtained from 
the Biochemical Inst i tute of the Hungarian Academy of Sciences. The preparations 
of NAD + and NADH were obtained from the Lawson Co. (Great Britain) and DL- 
glyceraldehyde was obtained from Reanal (Hungary). Investigations were conduct- 
ed in a o.I  lV[ glycine buffer at various p H  values. Native enzyme was crystallized 
with bound NAD+ in the molar ratio of 2.5 :I. Apoenzyme was prepared by  treating 
1 -2% solutions of native enzyme with activated charcoal according to VELICK AND 
FURFINE 11. Commercial preparations of activated charcoal were thoroughly ]~urified 12. 
The reconstruction of the GAPD holoenzyme was conducted by  adding NAD + to the 
apoenzyme in the molar ratio of 3-5 :I. NADH was added to GAPD in the molar 
ratio of 2o:1. DL-Glyceraldehyde used as substrate was added to GAPD (with 2.5 
moles of bound NAD+ per mole) in the ratio IOOO moles of glyceraldehyde per I mole 
of GAPD. (NH4)2SO 4 was removed from the initial enzyme solution by  gel filtration 
of the solution on columns (2 cm × 20 cm) of Sephadex G-25 saturated with the buffer 
used. The same columns were used for obtaining enzyme solutions having the desired 
p H  values. This method is milder than direct ti tration of solutions with alkali or acid. 
GAPD was denatured by  incubation in 8 M urea for I h at 3 o°. Sodium dodecyl sul- 
phate was added to the 1-2% GAPD solutions in the ratio 1/3 :i, 1/2 :I, I :I by  weight 
of the enzyme. 

Enzyme concentration was determined with an SF-4A spectrophotometer by 
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prote in  ex t inc t ion  in a solut ion o f o . I  M NaOH at  280 m/x using the value E11 el;, : IO.O 
(ref. If). 

Enzymic activity was de t e rmined  with  an SF-4A spec t ropho tome te r  by kVAI~- 
BUR(;'S opt ica l  tes t  xa from the change in absorbance  of the  solut ion at  34 ° m p  dur ing  
the first m inu t e  from the momen t  when i /~g  enzyme was a d d e d  to the  solution.  

Measurements o f O R D  were per formed  wi th  a Pepo l -6o- type  spec t ropo la r ime te r  
(Bel l ingham and  S tan ley ,  Grea t  Bri ta in) .  A xenon lamp was used as a l ight  source. 
The ro t a t ion  angle was de t e rmined  to within ~ko.oo2 °. The  angle of the  pr ism oscilla- 
t ion was 3 o°. Measurements  were conduc ted  in the  spec t ra l  region t'rom 3o0 to 59 ° m/~ 
at  room t e m p e r a t u r e  using cells of var ious  lengths  (o.5 din, I dm, 2.2 dm) and with  
quar tz  end-pla tes .  The enzymic  ac t i v i t y  of G A P D  was de t e rmined  bo th  before and 
af ter  measurements .  The cons tan t s  2e and Kc in Drude ' s  equat ion were ca lcula ted  
from the  curves  of ORD,  viz. 

No 
[~i~ (3! 

as well as the  cons tan t s  b 0 and  a o in the  Moffitt equat ion ,  viz. 

= ,,w ; - - ;  ,~;o ~,~I,, . .,, b : L  ~ ~ ~>° ~-i_- L ;  (4/ 

and the cons tan t s  A 193 and  A 2',5 in the  modif ied equat ion  of SCHECHTV, t~ AND BL()UT 14 la 

[m'h . . . . . .  ~ . . . . .  (5) 

In  some cases the  cons tan t s  A~o 3 and Ae,2.~ were e s t ima ted  from ,tc and  Kc by the 
t r ans i t ion  formulaO" : 

, 4 1 ~  3 - o . z o l  . ~ o - ~  K ~  ()~,,2s 2 - -  ) . 2 )  (~,) 
A22 s - - o .  t 4 8 " t o - S  l(¢(~.l,s z -2c "~) 

Circular dichroism was measured  with  a Jouan-Rousse l  d ich rograph  (France) 
in Professor  TUME~A.~'S l a b o r a t o r y  at  the  I n s t i t u t e  of Molecular  Biology (Moscow). 
~ - L 5 %  solut ions of G A P D  were inves t iga ted .  

Measurements of the sedimentation rate were made  wi th  a MOM ul t racent r i fuge ,  
t y p e  OU-~o~ wi th  a Ph i lpo t -Svensson  opt ica l  sys tem at  2o °. Sed imen ta t ion  coefficient 
(s) was ca lcu la ted  from the slope of the  curve In x .-= s2t where x is the  d is tance  to 
the  m a x i m u m  ord ina te  of the  g rad ien t  curve,  and  t is the  t ime.  Solut ions of var ious  
concen t ra t ions  were inves t iga ted  and the  s values  were e x t r a p o l a t e d  to zero concent ra-  
t ion.  

Measurements of the diffusion rate were pe r fo rmed  wi th  a polar iz ing diffusometer  
as descr ibed  b y  TSVETKOV,  ESKIN AND F R E N K E L  xv with  interference optics  a t  the  
G A P D  concen t ra t ion  of  0 .o5% (in a o.x M glycine buffer, p H  8.5). The diffusion 
coefficient (D) was ca lcu la ted  b y  the m e t h o d  of the  m a x i m u m  ord ina te  and  the zero 
momen t  (of the  area) of the  expe r imen ta l  curves.  The  molecular  weight  of G A P D  
was ca lcu la ted  from the Svedberg  fo rmula  

RTs 
M . . . . . . . . . . .  (7) 

(~ - ~ ) D  

Biochim. Biophvs, Acta, ~3 z 0967)  ~oo z7o 



CONFORMATION OF D - G L Y C E R A L D E 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  263 

where v is the partial specific colume, R is the gas constant, T is the Kelvin temper- 
ature, and e is the density of the solvent. 

Measurements of the pH of the solutions were carried out with a pH meter, type 
LPU-oI,  to within ~:o.o5 unit of pH. 

RESULTS 

Curves of rotatory dispersion for native GAPD (with bound NAD +) were ob- 
tained for a broad pH interval (from pH 4.0 to pH lO.8) for the apoenzyme of GAPD 
at pH 8.5, for reconstructed complexes of GAPD-NAD+ and GAPD-NADH and for 
the ternary complex GAPD-NADH-n-glyceraldehyde at pH 8.5. These curves 
were used for calculating the constants he, Ke, a o, b o, A193 and A225. The values ob- 
tained are shown in Table I. All the dispersion curves are well characterized by the 

T A B L E  I 

EFFECT OF p H  ON O R D  PARAMETERS OF G A P D  (WITH N A D +  IN THE MOLAR RATIO 2. 5 : I) 

p H  ,~.~ - -  K e  a o b o A 19~ A ~25 
>( lO  -6 

4.0 236 224 - - 4 6 8  --  83 221 - -611  
5.0 263 127 --  244 --  193 473 - - 5 9 9  
6.0 265 i oo  --  202 --  203 398 - - 4 9 3  
7.0 268 94 --  175 - - 2 1 o  4Ol - -481  
7.7 267 93 - -  18o --  200 386 - - 4 6 9  
8. 7 266 98 - -  188 --  203 396 - - 4 8 5  
9.15 267 98 - - 1 7 5  - - 2 1 7  402 - - 4 8 8  
9-35 264 113 - - 1 7 7  - - 1 9 3  433 - - 5 4 3  

IO.o 252 136 --  272 --  173 355 - -5 3 3  
lO.85 230 222 - - 4 4 7  --  IOO i o i  - - 5 1 4  

simple Drude equation. As Table I and Fig. I show, the structure of native GAPD 
depended on the pH of the medium. In the region of neutral pH (from 6 to 9) the 
GAPD structure was characterized by comparatively high values of he and --b 0 
corresponding approximately to 35-40% a-helix content. When the pH was changed 
to higher or lower values, a change in the secondary and tertiary GAPD structures 
was observed: ~e and b 0 decreased, Ke and a 0 increased. The curves of 2c (-bo) and 
Ke(ao) as functions of pH are bell-shaped. I t  is noteworthy that a change in K ,  and a 0 
began before the change in 3,, and b 0 (Fig. I). 

Fig. 2 shows data obtained by analysis of the ORD by the SCHECHTER-BLOUT 
method 14,~5. According to these authors, if the polypeptide chain of the protein is 
only in the a-helical and coil-shaped conformations, the constants A193 and A225 in 
Eqn. 5 should be connected by linear relationships: 

I.  A ~  5 = - - 0 . 5 5 - A 1 9  8 --  43 ° ( a q u e o u s  so lu t ions ,  e > 3 o) (8) 

I I .  A22 n = - - 0 . 5 5  .A1 ,  s --  280 (o rgan ic  so lven t s ,  e < 3 o) (9) 

Fig. 2 shows the straight lines I (e>30) and II  (e<3o) of SCHECHTER AND BLOUT and 
the points expressing the dependence of AI~ 3 on A225 for GAPD at various pH values. 
As Fig. 2 shows, the points corresponding to pH 6- 9 shift from line I and fall on line II. 

B i o c h i m .  B i o p h y s .  A c t a ,  I32  (1967) 2 6 o - 2 7 o  



264 I.A. BOLOTINA et al. 

90-  

I00- 

11o  / \ 
i o. / \ 
130- Y \ 

-oJ / t 
150 / \ 

190J 2 6 0 ~  ] / '  /- \ ~ \ S'oot"o // / \ I°o  

' 220 t230 ~ , x/ \ (~) 40 . ;  

23°I22°2 o 21o z /  !< s 
pH 

Fig. ]. Curve [ (O-" O). Dependence  of ~e on p H  for n a t i v e  G A P D  (with NAI)~ in the  mola r  
ra t io  2.5:1 ) in a o . i  M glycine  buffer. Curve I I  (Q- -O) .  Dependence  of Ke on p H  for na t i ve  
G A P I )  under  the  same condi t ions.  Curve [1[ ( × - - × ) .  Dependence  of enzymic  a c t i v i t y  on p H  
for G A P D  in the  ox ida t i on  reac t ion  of D-phosphoglycera ldehyde .  lOO% a c t i v i t y  is t a k e n  as 
t h a t  g iv ing  AA~4o mu/min 0.52o for the  sys t em:  7 mM D-phosphoglycera ldehyde ;  1.66 mM 
NAD+;  o.oo 7/~M G A P D ;  o. i  M glyc ine  buffer. 

Similar results have been recently obtained for glutamate dehydrogenasO ~ and for 
apomyoglobin19; we have, moreover, observed the same for lactate dehydrogenase 2°. 

At pH Io and pH 5 the points shifted towards line I and at extreme pH values 
(lO.85 and 4) they fell on line I. 

-100C 

-50C 

*500 

I " I I I 
1000 -500 O +500 . 1000  A19~rr,~ 

Fig. 2. P lo t  of SCHECHTER AND BLOUT cons t an t s  A ~5 versus Alga. I :  Empi r i ca l  dependence  of 
SCHECHTER AND BLOUT cons t an t s  A,2 s = --o.55"A19~ 43 ° for so lvents  wi th  e :- 3 o. [ I :  Em-  
pi r ica l  dependence  of SCHECHTER &ND BLOUT cons t an t s  A~2 s - --o,55.A19 s .28o for so lvents  
wi th  e < 3 o. Po in t s  1 7 (Q): na t i ve  G A P D  (with NAD~ in the  molar  ra t io  2.5:1) in a o.I M 
glycine  buffer:  i ,  p H  lO.85; 2, p H  4.o; 3, p H  io .o ;  4, p H  5.o; 5, p H  9.15, 8. 7 , or 6.o; 6, p H  7.0; 
7, pH 7-7. Po in t s  8 I I  (C)):  n a t i v e  G A P D  (wi th  NAD+ in the  molar  ra t io  2 .5 : i )  in a o.I M gly- 
cine buffer, p H  8. 5, wi th  sod ium dodecyl  su lpha t e  in the  ra t io  (by weight ) :  8, 1/3:1; 9, 1[,,:1; 
lO, 2/3[I ; I I ,  I : I .  
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This displacement of the points from line I at pH 6-  9 may have been due either 
to the presence of some other ordered structures not belonging to the a-helix type 
(e.g. to the r-form, cf. SCHECHTER AND BLOUT 14) or to the influence of internal local 
electrical fields of the molecule on the ORD constants. GAPD is known to contain a 
considerable proportion of aromatic amino acids, creating a strong hydrophobic 
"nucleus" in the molecule with local ~ values characteristic of organic solvents 11. 
The presence of such a dense hydrophobic nucleus in the GAPD molecule is corrobo- 
rated by data on the kinetics of deuterium exchange ~1, spectrophotometric titration 22 
and iodiuation of the tyrosine residue 22. 

In order to determine the causes of shifting of the points from line I in the 
SCHECHTER-BLOUT plot, we have conducted experiments with sodium dodecyl sul- 
phate. This is known to influence hydrophobic interactions. I t  could be expected that  
sodium dodecyl sulphate would destroy the hydrophobic nucleus of the GAPD 
molecule, cause the uncoiling of the molecule and thus decrease the influence of the 
local field upon the ORD constants. 

As Fig. 2 shows, when sodium dodecyl sulphate was introduced into the GAPD 
solution, even in the ratio I /3 : I  by  weight of GAPD, a shift of the point towards 
line I was observed. When the amount of sodium dodecyl sulphate increased, the 
points moved nearer to line I and when the ratio was I : I  by  weight, the points fell 
upon line I. I t  should be noted that  only the constants Kc and a o varied under the 
influence of sodium dodecyl sulphate while the constants ~c and b 0 remained un- 
changed (Table II). 

Hydrodynamic data indicate that  the tert iary structure of GAPD became looser 
under the influence of sodium dodecyl sulphate when it was used in amounts up to 

TABLE I I  

INFLUENCE OF SODIUM DODECYL SULPHATE UPON O R D  PARAMETERS OF NATIVE G A P D  (AT p H  8.5) 

Weight ratio ~c -- Kc  a o b o .4198 .422s 
sodium X Io-* 
dodecyl 
sulphate : 
GA P D  

o: i  267 IOO --187 --240 416 --503 
I/3:1 265 I3o --22o --22o 512 --634 
i ]2 : i  262 145 --27o --230 480 --640 
2/3:I  265 I5o --280 -- 260 590 -- 732 

i : i  264 15o -- 280 --25 ° 575 --72o 

I/2:1 by weight; when the latter amount was not exceeded, the GAPD diffusion 
coefficient decreased while the molecular weight remained the same (Table liD. 
When the quanti ty of sodium dodecyl sulphate introduced was increased to the ratio 
i : i ,  a disruption of GAPD into subunits occurred. This effect is confirmed by the 
change in the molecular weight calculated by the Svedberg formula from the sedi- 
mentation and diffusion coefficients (Table III). For native GAPD the diffusion 
coefficient (D) was 4.62 .lO -7 cm2/sec, while the sedimentation coefficient (s) was 
7.82 S. The molecular weight of GAPD calculated from these values for the coeffi- 
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"FABLE 1II 

E F F E C T  O F  S O D I U M  D O D E C Y L  S U L P H A T F  U P O N  H Y D R O D Y N A M I C  P R O P E R T I E S  O F  G A P [ )  (AT pi t  8.5) 

Preparation and conditions q/ "%,0.,,' t)~o /" l°7 v l"I..~'r~ x 
measurements ( S ) ( crnZ/sec ) t o ~ 

GAPD 7.82 :! 0.03 4.62 _:: o.05 0.729 7: o.ool I5° ! 5 

GAPD plus sodium dodecyl sulphate 
(in the weight ratio o.i -o.5:1 with 
respect to the weight of the enzyme) 

GAPD plus sodium dodecyl sulphate 
(in the weight ratio 0. 5 i.o: I with 
respect to the weight of the enzyme) 

.5.5 i: 0.5 3,05 1: o.o 5 o.70o )~ o.ool 1.52 :~ o 

2 . 8  ~ 0 .  5 4 . 2 2  ~_ 0 . 0 0  0 . 7 8 9  ~ o . o o l  7.5 5 

c i e n t s  was  I50  ooo ; t h i s  ag rees  w i t h  p u b l i s h e d  d a t a  ~a. U n d e r  t h e  in f luence  of  s o d i u m  

d o d e c y l  s u l p h a t e  in  t h e  r a t i o  I : I  t h e  v a l u e  of  D c h a n g e d  to  4 . 2 2 - I o  ~ c m U s e c  wh i l e  

t h a t  of  s c h a n g e d  to  2,8 S. T h e  m o l e c u l a r  w e i g h t  c h a n g e d  to  75 oo0. I n v e s t i g a t i o n  o f  

O R D  d a t a  for  n a t i v e  G A P D  in  t h e  r e g i o n  of  t h e  b o u n d  N A D  + b a n d  ( 3 4 0 - 4 o o  m~)  h a s  

s h o w n  n o  a p p r e c i a b l e  a n o m a l o u s  d i s p e r s i o n .  S i m i l a r  r e s u l t s  we re  o b t a i n e d  recen t lyZL 

N e v e r t h e l e s s ,  a s m a l l  c i r c u l a r  d i c h r o i s m  w a s  o b s e r v e d  in  t h e  a b s o r p t i o n  b a n d  of  t h e  

b o u n d  c o e n z y m e ,  g i v i n g  A (eg--eL)  --:- 6 - l O  4 ,  t h e  p r e c i s i o n  of  t h e  m e a s u r e m e n t s  b e i n g  

w i t h i n  I ' I O  -4. T h i s  ef fec t  d i s a p p e a r e d  c o m p l e t e l y  w h e n  D L - g l y c e r a l d e h y d e  was  

a d d e d  to  t h e  G A P D - N A D  + c o m p l e x .  

I f  b o u n d  N A D  + was  r e m o v e d  f r o m  n a t i v e  ( ; A P D  b y  a c t i v a t e d  c h a r c o a l ,  a 

c h a n g e  in  t h e  c o n s t a n t s  o f  r o t a t o r y  d i s p e r s i o n  w as  o b s e r v e d  ( T a b l e  IV)  a n d  t h i s  i nd i ca -  

tes  c o n f o r m a t i o n a l  c h a n g e s  in  t h e  a p o e n z y m e ,  W h e n  t h e  G A P D - ( N A D  +) a c o m p l e x  was  

i e c o n s t r u c t e d  b y  a d d i n g  N A I ) ~  to  a p o e n z y m e ,  r e s t o r a t i o n  of  t h e  i n i t i a l  v a l u e s  of  t h e  

TABLE IV 

E F F E C T  O F  N..kD~, I O D O A C E T A T E  A N D  D L - G L Y C E R A L D E I 1 Y D E  

APOENZYME GAPD (.aT pH 8.5) 

Preparation and conditions q[ ,to Ke % 
~ $ e a s u y e n ~ e ~ t s  )( ~ 0  -5  

Native GAPD 
(and NAD + in the molar ratio 2.5:I) 268 90 

Apoenzyme GAPD 252 ~ l,t 

Reconstructed complex: GAPD 
plus N AD+ in the molar ratio 6: I  265 88 

GAPD (with NAD+ in the molar ratio 
2.5 : i) plus DL-glyceraldehyde 247 I25 

Apoenzyme GAP[) plus iodoacetate 
in the molar ratio 3 : I 2 5 5  1 3 0  

Apoenzyme GAPD plus iodoacetate in 
the molar ratio 3:1 plus NAD + in 
the molar ratio 5-7:1 248 13o 

Biochim. Biophys. Acta, 132 (t067) 260 270 
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ORD constants was found (Table IV). Conformational changes in GAPD under the 
action of NAD + are connected with the NAD ÷ binding at the active centre. This can 
be inferred from experiments with preliminary alkylation of SH groups at the active 
centre of the enzyme by monoiodoacetate ~5. The addition of NAD ÷ to the apoenzyme 
first t reated with iodoacetate in the molar ratio 3 :i did not cause marked changes in 
the constants of ORD not, consequently, in the conformation of the apoenzyme 
(Table IV). 

Considerable conformational changes in the enzyme-coenzyme system were 
observed when this complex interacted with the substrate, DL-glyceraldehyde 
(Table IV). 

The addition of DL-glyceraldehyde to GAPD solutions with bound NAD + 
in the molar ratio of 2.5 :i caused, within a few minutes, a decrease in ~c and --b o 

-1000 

-SO0 

o oo 

+ 500[- 

-500  0 + 500 +1000 A19 3 

Fig. 3. P lo t  of  SCHECHTER AND BLOUT c o n s t a n t s  A22s versus A198 (in a o . i  M glycine buffer,  
p H  8-5). Po in t s  1-  4 (O): i ,  na t ive  G A P D  (with N A D  + in t he  mola r  rat io 2.5:1); 2, a p o e n z y m e  
G A P D ;  3, r econs t ruc ted  complex :  G A P D - N A D  + in t he  moler  rat io  6:1;  4, na t ive  G A P D  (with 
NAD+ in t he  mola r  rat io  2.5:1) plus DL-glyceraldehyde.  

(Table IV). The changes in ORD were much greater than the possible variations due 
to the transformation of all the NAD ÷ into NADH or that  of all the glyceraldehyde 
into glyceric acid. These changes occurred 2-3 rain after DL-glyceraldehyde was 
introduced and were maintained for at least 1-2 h (the time during which the ORD 
values were checked). The conformational changes in GAPD when the coenzyme was 
bound or removed and when the substrate was introduced became apparent in the 
shift of the points along the line I I  (Fig. 3). 

We measured the dependence of the rate of reaction (I) on pH. The results 
obtained are shown in Fig. i. The curve is bell-shaped and its maximum corresponds 
to pH 8.5. 

DISCUSSION 

The rota tory properties show that  GAPD as well as other dehydrogenases can 
be included in the first group of globular proteins according to JIRGENSON'S classifica- 
tion ~6. This group is characterized by high ;t, and --b 0 values which indicate a com- 
parat ively high percentage of a-helicity (approx. 40%). The shift of the points from 
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line I of SCHEGHTER AND BLOUT could serve to a certain degree as an indication that 
other ordered structures are present in GAPD besides the a-helical one. Nevertheless, 
experiments with sodium dodecyl sulphate enable us to come to a different conclusion. 
Actually, under the action of sodium dodecyl sulphate present in the ratio o.3-o. 5 :I 
by weigtlt of GAPD, a displacement of the points towards line I was observed. Ac- 
cording to data obtained by hydrodynamic methods, when such amounts of sodium 
dodecyl suiphate were present, a destruction of the tertiary structure occurred wittxout 
its degradation into subunits. [n this process sodium dodecyl sulphate did not produce 
changes in the a-helical structure of GAPD. Proceeding from recent data on the secon- 
dary structure of polypeptides and proteins it is difficult to explain the selective actmn 
of sodium dodecyl sulphate upon any ordered structure other than a-helices. It  is 
most likely that  sodium dodecyl sulphate destroyed the internal hydrophobic nucleus 
of the molecule, transferring the amino acid residues from the internal medium 
(e-<3o) into the aqueous surroundings (e->30). Hence, one may suggest that the 
slliffing of tile points from line I and their coincidence with the line I[ for several 
proteins is due to the influence of the local field, with dielectric constant e-:. 3o, upon 
the optical rotation rather than to the presence of any specific ordered structure. 
Gradual uncoiling of the molecule, and destruction of its hydrophobie nucleus, is 
clearly evident in the SCHECI~'rER-BLou'r plot (Fig. 2). 

The study of tile conformation of GAPD as a function of pH showed that varia- 
tion of pH was followed by changes in the tertiary and secondary enzyme structures. 
The dependence of a-helicity upon pH was bell-shaped. This agrees with theoretical 
calculations 27 for linear polyampholytes containing approximately equal numbers of 
acidic and basic amino acids in an alternating sequence. Indeed, GAPD contains 122 
acidic amino acids and I3 t  basic ones. In all probability, they are situated in the molec- 
ule without forming blocks consisting only of acidic or basic amino acids. 

When the pH changed from neutral to acidic or alkaline values, a shifting of the 
points in the SCHECHTER--BI.oUT plot from line I[  to line I was observed. One may 
consider that a change in the a-helix content caused, in its turn, a change in the 
tertiary structure which was manifested in the uncoiling of the molecule. These data 
agree with those obtained in a study of the hydrodynamic properties of GAPD at 
various values of pH (ref. 28). A comparison of curves of).e and K c as functions of pH 
suggests that GAPD possesses a rather labile tertiary structure and that the secondary 
and tertiary structures are relatively independent of each other. These conclusions 
are confirmed by experiments with sodium dodecyl sulphate, which changed the 
tertiary and left intact the secondary structure. 

A comparison of the curves of a-helicity content (2c) and of rate of the enzymic 
reaction as functions of pH has shown that in this case there is no simple correlation 
between the catalytic properties of the enzyme and its secondary structure. Never- 
theless, the maximum reaction rate was observed at pH values at which the enzyme 
possessed the structure with maximal a-helicity. A decrease in the a-helix content 
(e.g. on alkaline denaturation) was accompanied by a fall in the enzymic activity. 
In all cases, a change in the GAPD secondary structure which lowered the a-helix 
content was accompanied by a decrease in the rate of the catalytic reaction. 

As Table IV shows, NAD+ interacting with GAPD caused considerable changes 
in the GAPD structure as manifested in an increase in the a-helix content (points in 
the SCEIECHTER-I~LOUT plot moved along line II  without abandoning it). 
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Similar results were obtained recently by  FURFINE and co-workers ~4. This 
agrees with KOSHLAND'S hypothesis of induced fit in the system enzyme-coenzyme-  
substrate. The coenzyme interacts with various groups in various sections of the poly- 
peptide chains as though organizing the active centre of the enzyme. Several experi- 
ments 9 show that  substrates and inhibitors are attached to dehydrogenases only after 
the coenzyme is bound. We obtained analogous results in studying the interactions 
of lactate dehydrogenase with the inhibitor oxalate 2°. In these reactions the coenzyme 
plays the part  of the "conformational cofactor". The results of EL6DI 2s, and BOYER 
AND SCHULZ ~9 for GAPD confirm this hypothesis. They found reversible changes in 
the viscosity of the enzyme solutions treated with charcoal, which adsorbs NAD+ 
bound to the enzyme. There are also data on the stabilization of GAPD by  coenzyme 
with respect to proteolysis 29. In all probability the coenzyme acts by  strengthening 
the enzyme structure, creating a more rigid tert iary structure and simultaneously 
increasing the a-helix content. Data  on the variations of deuterium exchange in 
GAPD in the presence of NAD + also confirm this 21. 

I t  is known that,  when NAD+ interacts with the GAPD molecules, a new broad 
absorption band appears at 340-400 m/~. We found a weak circular dichroism in this 
band: this was probably not an artifact since it disappeared when glyceraldehyde 
was added. On the other hand, the absence of anomalous dispersion in the ORD curve 
could have been due to insufficient sensitivity of the spectropolarimeter. 

One may consider the Cotton effect in the 340-400 m# region as due to induced 
optical activity appearing when NAD ÷ is asymmetrically at tached to the a-helix of 
GAPD. In this reaction glyceraldehyde interacts with that  very SH group of the 
cysteine residue in the active centre which reacts with the nicotinamide ring in NAD+; 
as a result one bond between coenzyme and enzyme is broken. This cysteine residue 
possibly forms a par t  of the a helix and the asymmetric a t tachment  of NAD + to the 
lat ter  induces the optical activity of coenzyme. This enables us to comprehend the 
disappearance of the Cotton effect in this band when NAD+ is reduced and the bond 
between the coenzyme and the active centre is broken. HARRIS'S suggestion a° about 
the a-helical structure of the peptide which he isolated from the active centre of 
GAPD is in agreement with these facts. 

In contrast to the studies of I~'URFINE and co-workers 2~, our experiments on 
the influence of NADH upon the structure of the GAPD apoenzyme did not establish 
definite changes in the conformation of apoenzyme which increased the a-helix 
content. 

When glyceraldehyde is added to GAPD which contains bound NAD + in the 
molar ratio 2.5 :I, the first stage of the enzymic reaction (I) takes place; the bound 
NAD+ is transformed into NADH and an enzyme-substrate  complex is formed which 
is hydrolyzed in the absence of orthophosphate (or arsenate). Since only 3 moles of 
glyceraldehyde and 3 moles of NAD + per mole GAPD take par t  in the transforma- 
tions, one may  neglect those changes in ORD which are caused by  them. The observed 
changes in ORD can be accounted for only by a change in the optical properties of 
the enzyme (and hence, of its conformation). Since the ORD changes were stable 
and did not disappear over a long period (1-2 h), there is little probabili ty that  they 
were connected with the formation of a rapidly hydrolysable enzyme-substrate  com- 
plex. Changes in ORD under the action of glyceraldehyde were similar to those 
taking place during removal of NAD+. One may suggest that  these changes arise as 
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a r e s u l t  o f  t h e  t r a n s f o r m a t i o n  o f  N A D  ~ i n t o  N A D H ,  w h e r e b y  t h e  i n f l u e n c e  o f  N A I )  } 

o n  t h e  s t r u c t u r e  o f  t h e  a p o e n z y m e  is e l i m i n a t e d .  
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