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SUMMARY 

A purified preparation of the lactate dehydrogenase (L-lactate NAD ÷ oxldo- 
reductase, EC I i I 27) from Streptococcus cremor,s, Strata US3, is shown to have an 
amino acid composition and physical properties similar to those previously reported 
for a lactate dehydrogenase from Bacillus subt, hs In the pH range 5 0-7 o and at 
pH 8 o in phosphate buffer, the S cremor,s enzyme is characterized by a mol wt of 
14o ooo and frictional ratio I 26 In contrast, at pH >/7  8 in tnethanolamlne-HC1 
buffer, the enzyme undergoes a relatively slow unfolding and dissociation resulting 
in complete conversion at pH 9 o to an enzymlcally mactlve form of mol wt 7 ° ooo 
and frictional ratio I 80 Sedimentation velocity experiments at pH 8 o in trlethanol- 
amlne-HC1 buffer show that the substrate NADH and the activator Fru-I,6-P2 
partially stablhze the 14o ooo form of the enzyme 

Further examination of the size and shape properties of the enzyme at low total 
concentrations was made by the method of frontal analysis in Sephadex chromato- 
graphy I t  was found that in phosphate buffer an Increase of pH in the range 6 0-8 o 
(or the addition of NADH or Fru-I ,6-P 2 at the fixed pH 7 o) decreased the observed 
elutlon volume, while the addition of the inhibitor ATP increased it These results 
are correlated with initial velocity studies to conclude that the modifiers, ATP and 
Fru-i,6-P~, induce conformatlonal changes in the structure of the enzyme, the un- 
folded form being more active 

INTRODUCTION 

The lactate dehydrogenases (L-lactate NAD+ oxldoreductase, EC I I I 27) of 
several species of the genus Streptococcus have been shown to be markedly activated 
by tile glycolytlc intermediate, fructose 1,6-dlphosphate (Fru-I,6-P2) 1-3 This is in 
contrast to mammahan lactate dehydrogenases and to that of many other bactenal 
species The lactate dehydrogenase of the Group N Streptococcus cremor~s US3 was 

** P r e s e n t  address  D e p a r t m e n t  of  Phys ica l  B iochemis t ry ,  The  J o h n  C u r t m  School of  
Medical  Research ,  The  Aus t r a l i an  Na t iona l  Unive r s i ty ,  Canberra ,  A C T ,  A u s t r a h a  

B~och~m B~ophys Acta, 25 ° ( i97 I) 271-285 



272 ~, R JAGO t l al 

found 4 to have, m the absence of Fru-I,O-P2, a p H  op t lmutn  of  8 o ~ hlch is outside 
the  range of p H  (5-7) where gro~ th of  this  group of o rgamsms as possible Howex er, 
in the  presence of Fru- I ,6 -P2 ,  there  was not  only  a marked  ac t iva t ion  of  the enzyme 
bu t  also a change In the  p H  o p t i m u m  to a b road  p la t eau  of ac t i v i t y  between p H  5 o 
and  7 o I t  has also been observed2, 4 wi th  a pa r t i a l ly  purified ex t rac t  of the enz 3 me 
tha t  A T P  opera tes  as an inh ib i tor  

I t  ha~ been suggested t ha t  F r u - I , 6 - P  2 m a y  funct ion as a modifier  by  inducing 
conformat lona l  changes in the  enzyme faci l i ta t ing ~ubstrate  and  co-enzyme binding  3 
On the o ther  hand,  po lymer iza t ion  of  the  H 4 lsoenzyme of  beef  hear t  l ac ta te  dehydro-  
genase has been impl ica ted  m the exp lana t ion  oi a l los tenc  effects observed m kinet ic  
s tudies  per formed with this  enzyme 5 and i t  is possible t ha t  modifiers m a y  opera te  b} 
pe r tu rb ing  such po lymer iza t ion  equilibria" In  an a t t e m p t  to e lucidate  the mode of 
act ion of  the  modifiers, A T P  and Fru-I,6-P2, on S Cremor~s l ac ta te  dehydrogenase ,  
this  work  presents  results  per ta in ing  to the  size and shape proper t ies  of a purif ied form 
of  the enzyme found in the  presence and absence of the  modifiers 

MATERIALS AND METHODb 

Purzficatzon of the enzyme 
S cremorzs Stra in  US3 was grown in 5-1 ba tches  of  b ro th  conta in ing t ryp tone ,  

3o g, yeas t  ex t rac t ,  IO g,  lactose,  3o g,  KH2PO4, 5 g, beef  ex t rac t ,  2 g and  wa te r  
to I 1 The b ro th  was incuba ted  at  3 °0 for 16 h, the  p H  being ma in t a ined  at  6 3 b y  the 
add i t ion  of  IO M N a O H  suppl ied  th rough  a magne t ic  va lve  connected  to a Ra d iome te r  
T l t ra to r ,  Model TTTA3 Cell-free ex t rac t s  were p repared  b y  ex t rud ing  cells, previous-  
ly washed in o 9% NaC1 and resuspended in o oI  M sodium phospha te  buffer (pH 7 o) 
(I g wet  u t per  4 ml buffer), th rough  a F rench  pressure celF at  IO tons / inch 2 and 
were d ia lysed  agains t  the  same phospha te  buffer a t  4 ° The following purif icat ion 
s teps were also carr ied out  a t  4 ° 

Nucleic acxdb were p rec ip i t a t ed  from the dIa lysed cell-free ex t rac t  (approx 
25 ° ml) b y  the dropwlse  add i t ion  of s t r ep tomyc in  su lpha te  (15% solution, w/v) unt i l  
no fur ther  p rec ip i ta t ion  occurred The prec ip i ta te  was r emoved  b y  cent r i fugat lon  and 
solid a m m o n i u m  su lpha te  was added  to the  supe rna t an t  to gave 40% sa tu ra t ion  
The prec ip i ta te  w as removed  as before and the  a m m o n i u m  su lpha te  concent ra t ion  in 
the  supe rna t an t  was increased to 6o% sa tu ra t ion  The p rec ip i t a te  was collected and 
dissolved m o 05 M sodium phospha te  buffer (pH 7 o) and  daalysed overnight  agains t  
the  same buffer A 6o-ml a l iquot  of the  d ia lysed  f ract ion was appl ied  to a D E A E -  
cellulose ( W h a t m a n  D E - I I )  column (12o cm × I 3 cm) equi l ib ra ted  In o o 5 M sodium 
phospha te  buffer (pH 7 o) The enzyme was e lu ted  with  a NaC1 grad ien t  (o-o 5 M) in 
the  same buffer a t  a flow ra te  of  o 6 ml/man Frac t ions  of  x 5 ml were collected and 
examined  for enz) mm ac t iv i t y  and pro te in  concent ra t ion  Frac t ions  (45-55) exhibi t -  
ing the  highest  specific ac t i v i t y  were pooled and  concen t ra t ed  In a DIaflow appara tu~  
using a IO ooo tool wt  cut-off membrane  to a final volume of  IO ml The concen t ra t ed  
e n z ) m e  solut ion was d ia lysed  agains t  o o5 M sodium phospha te  m o I M NaC1 
(pH 7 o) and  appl ied  to a D E A E - S e p h a d e x  A-5o column (25 cm × I 3 cm) previous ly  
equi l ib ra ted  with  o o5 M sodium phospha te  in o I M NaC1 (pH 7 o) The enzyme was 
e lu ted  with  a Na¢ l  g rad ien t  (o I-O 5 M) In the above  buffer a t  a flow ra te  o fo  6 m l / m m  
and  xo-ml fract ions were collected Frac t ions  34 and  35 were pooled, concen t ra ted  in 
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TABLE I 

STEPS INVOLVED IN THE PREPARATION OF LACTATE DEHYDROGENASE FROM CELL-FREE EXTRACTS 

OF S cremorzs US3 

Treatment Total actzwty Total prote~n Total nucletc Specific Pur,- 
(defined umts) (rag) acids (rag) activity ficat~on 

(un~ts/mg) factor 

Cell-free extract 62 ooo 563 ° 2040 I I - 
Streptomycin sulphate 60 500 304 ° 280 20 2 
Ammonium sulphate 

(40-60%) 43°°°  184o 55 27 25 
DEAE-cellulose 46 ooo 128 o 4 18o 16 4 
DEAE-Sephadex 21 ioo 26 5 o 800 73 

the Dlaflow a p p a r a t u s  to 5 ml, d la lysed  agains t  o o5 M sodium phospha te  buffer 
(pH 7 o) and  fur ther  f r ac t lona ted  b y  a m m o n i u m  su lpha te  according to  the  me thod  of 
JAKOBY s The s ta in ing of  po lyac ry lamlde  disc electrophoresls  gels for pro te in  and  
enzymic actlvl tyg,  1° ind ica ted  t ha t  the  35-40% a m m o n i u m  sulphate  fract ion alone 
exh ib i t ed  a single pro te in  b a n d  corresponding to a single ac t iv i ty  band  This  f ract ion 
had  a specific a c t i v i t y  of  lOOO-12oo un l t s /mg and was used In all subsequent  experi-  
men t s  

A s u m m a r y  of  the  in i t ia l  pur i f icat ion s teps  wi th  measures  of  thei r  re la t ive  effi- 
c iency is given in Table  I, wherein  only  the  pa ramete r ,  specific ac t iv i ty ,  requires 
fur ther  comment  Lac t a t e  dehydrogenase  ac t i v i t y  was e s t ima ted  b y  measur ing  the 
in i t ia l  ra te  of ox ida t ion  of  N A D H  at  34 ° n m  from traces  ob ta ined  using a Zelss 
spec t rophotomete r ,  Model P M Q I I ,  coupled to  a R lkadenk i  recorder,  Model B I  4 The 
reac t ion  mix tu re  ( total  volume 3 ml) conta ined  25 ° #moles  of  t r l e thanolamlne-HC1 
buffer (pH 8 o), o 4 #mole  of  N A D H ,  20/zmoles  of  sodium p y r u v a t e  and o i ml  of 
enzyme solut ion A change in absorbance  at  34 ° n m  of o i absorbance  uni t  per  m m  
was defined as I uni t  of  l ac ta te  dehydrogenase  ac t iv i ty  The  specific ac t iv i ty  was 
defined as uni ts  of l ac ta te  dehydrogenase  ac t i v i t y  per  mg of pro te in  Es t ima te s  of  
pro te in  concent ra t ion  were ca lcula ted  from the  absorbance  measurements  at  280 n m  
and  260 nm, employing  the  nomogram devised b y  A d a m s  (California Corp for Bio- 
chemical  Research,  Los Angeles) 

I m t m l  veloczty studies 

Samples  of  purif ied l ac ta te  dehydrogenase  were s tored  m sodium phospha te  
buffer (pH 7 o, I ~- o I) conta in ing  35% a lnmonlum su lpha te  In  this  env i ronment  It 
was shown t h a t  l ac ta te  dehydrogenase  ac t i v i t y  was fully ma in t a ine d  for a t  least  
21 days  In  p repa ra t ion  for a series of k inet ic  exper iments ,  the  a m m o n i u m  su lpha te  
was removed  b y  dialysis  a t  0 -4  ° agains t  sodmm phospha te  buffer (pH 7 o, I = o I) 
and  the  enzyme was d i lu ted  wi th  the  same buffer to give a concent ra t ion  sui table  for 
add i t ion  to the  assay  mix tu re  Kine t ic  exper iments  were comple ted  wi thin  2 h follow- 
Ing di lut ion Re la t ive  values  of  enzyme concent ra t ions  were de t e rmined  spectro-  
pho tomet r i ca l ly  at  28o nm, assuming a specific ex t inc t ion  coefficient v~2~o/~I% nm) of IO 
The d i lu ted  enzyme solut ion (o I ml) was added  to 2 9 ml of assay  mix tu re  con ta ined  
in a cuvet te ,  t h e r m o s t a t e d  a t  3 °0 In  mos t  exper iments  the  components  of the  assay 
mix tu re  were dissolved in t r i e thanolamlne-HC1 buffer (pH 8 o, final concent ra t ion  
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o o8 M) and the pH of all mixtures was confirmed to be 8 o immediately aiter the 
completion of the experiment (duration approx I ram) other buffered media em- 
ployed are specified in the text The initial velocity of the reaction, v, was determined 
as described abo~e In all studies pyruvate and NADH were used as initial sub- 
strafes 

Isoelectr,c point 
Horizontal slab polyacrylamlde gel electrophoresls was used to estimate the 

lsoelectrm point of the enz 3me and was carried out according to the method of 
CARNEGIE et al 11 using o~ 5/o gels and buffers of I = o I The voltage was chosen to 
give a current through each gel of 40-45 mA and the temperature was mamtamed at 
- -5  ° to prevent overheating In each experiment, performed in duplicate, the sample 
was Introduced at the origin in the same buffer used to equilibrate the gel At the 
conclusion of the experiments (duration 2 h), the gels were stained with Amldo black 
l o b  for protein 

Amzno aczd compos#,on 
Samples of purified enzyme were treated by two different procedures prior to 

acid hydrolysis and subsequent amino acid analysis, performed by the method of 
SPACKMAN TM using a Beckman i2oB amino acid analyser First, 2 mg of protein was 
treated at 30 ° for 9 ° rain with a 4o-fold molar excess of lodoacetlc acid in Trls buffer 
(pH 8 3) containing 8 M urea A 5-fold molar excess of mercaptoethanol was added 
and the sample, a carboxymethyl derivative, was dlalysed against I mM HC1 for 16 h 
Samples of about 200/~g were then individually freeze-dried in preparation for acid 
hydrolysis Secondly, duplicate samples (approx 200 /zg) were dlalysed against 
distilled water, freeze-dried and oxidized with performlc acid (o 4 ml) for 4 h at 4 ° 
These oxidized samples were freeze-dried Samples of S-carboxymethylated enzyme 
were hydrolysed in evacuated sealed tubes in duplicate for 24, 48 and 72 h at i i o  ° in 
6 M HC1 contaming i ~o phenol Duplicate samples of the OXl&zed form were hydro- 
lysed in the same environment for 24 h Tryptophan, in the unhydrolysed protein, 
was determined spectrophotometrlcally TM 

Ultracentrifuge studies 
Sedimentation velocity experiments were performed in a Spmco Model E ultra- 

centrifuge at 59 780 rev/mln employing a schheren optical system with bar angle 
fixed at 7 °o Solutions of lactate dehydrogenase were dialysed in the cold for at least 
two days against buffers specified in the text and then equlhbrated for a further 2 h 
at the temperature selected for each experiment In experiments performed at pH 8 o 
in trlethanolamlne-HC1 buffer In the presence of added modifiers or substrates, the 
same dialysis and temperature equlhbratlon procedures were used Thus, sufficient 
time was allowed to permit a comparison between the extent of structural transitions 
observed in this medium In the presence and absence of modifiers or substrates 
Values of the weight-average sedimentation coefficient, g2o,w, were calculated from 
the rate of movement of the square root of the second moment of refractive index 
gradient curves I4, corrected to 20 ° in water is Corresponding concentrations wele 
estimated refractometrlcally Values of sedimentation coefficients reported as S2o,w 
were computed from the rate of movement of maximum ordinates of schheren peaks 
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The Archibald procedure as outlined by KLAINER AND KEGELES 16 was used to evaluate 
weight-average molecular weights from the observed refractive index gradient near 
the menlscu~ Measurement of all schheren patterns was made with a two-dimensional 
comparator (NIkon Shadowgraph, model 6C) 

Optical rotatory d, spers~on 
ORD studies were carried out with dlalysed enzyme samples using a Jasco 

ORD/UV-5 instrument and a quartz cell (thermostated at 25 i I°) of 2 mm path 
length Recordings were made in the range 19o-26o nm and all spectra were corrected 
for base-hne shifts of pure buffers Protein concentrations were determined at the 
completion of ORD studies by the method of LOWRY et at 17 

Frontal analys~s on Sephadex G-;coo 
A column of Sephadex G-Ioo (i 4 cm × 21 cm) was equilibrated at 4 ° and 

solvent (at least two bed volumes) containing the added substrate or modifier, where 
appropriate, was run through the column prior to the addition of approx 3o-ml 
samples of enzyme in the same environment The enzyme solutions were dialysed for 
at least 2 days prior to their addition to the column Fractions (approx o 5 ml) were 
collected in previously tared tubes, containing o 2 ml of 20 mM Fru-I,6-P 2 to activate 
the enzyme Each tube was monitored for enzymic activity and volumes were deter- 
mined accurately by weighing mdlvldual tubes The void volume of a particular 
column was determined using blue dextran before and after each experiment and 
was shown to be constant 

RESULTS 

Im tml  veloc#y studies 
Double reciprocal plots illustrating the effect of ATP on the kinetics of the reac- 

tion catalysed by S cremor,s lactate dehydrogenase In trlethanolamme-HC1 buffer 
(pH 8 o) are shown in Fig I I t  is apparent that  ATP functions as an inhibitor, in 
agreement with previous findlngsZ, 4 In addition, the slight upward curvature of the 
results found m the absence of ATP is markedly accentuated by its addltlon,~the effect 
systematically becoming more pronounced as the ATP concentration increases 
A similar but less pronounced inhibitory effect of ATP was found in sodium phosphate 
buffer (I = o I) at the same pH value of 8 o 

The effect of varying enzyme concentration at pH 8 o In triethanolamme-HC1 
buffer is shown in Fig 2, where a logarithmic scale on both axes is used to permit 
representation of all results on one graph In the absence of ATP, the specific activity 
is evidently independent of protein concentration over a 3o-fold range Similarly, no 
concentration dependence of specific activity was found In additional experiments 
performed in the absence of ATP at pH values of 7 o, 6 5 and 6 o employing o 08 M 
trlethanolamme-acetic acid buffers, although a progressive decrease of specific 
activity with decreasing pH was observed In contrast, it is clear from Fig 2 that at 
pH 8 o in the presence of o 2 mM ATP, a marked concentration-dependence is ob- 
served, which is accentuated on Increasing the ATP concentration to o 5 mM 

The effects of Fru-I,6-P2 as a modifier are illustrated m Fig 3 The tendency 
for upward curvature of the plot found in the control experiment In the absence of 
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T ~ B L E  I I  

a .MINO A C I D  C O M P O S I T I O N  O F  S c~'emor~s L A C T A T E  D E H Y D R O G E N A S E  

The ~alues for each hydrolysis,  of dura t ion  specified in parentheses,  are the average of  two 
determinat ions  and are calculated for 7 ° ooo g of  protein  In  the  last column values in parentheses  
are ax erage values wi th  the following exceptions threomne,  serlne, vahne  and lsoleucme were 
est imated by  s tandard  extrapola t ion procedures ,  half -cystme and meth lomne  were es t imated 
as cy~tem acid and methlonlne sulphone after  oxidat ion x~lth performlc acid, t r y p t o p h a n  was 
est imated spectrophotometr lcal ly  

Reszdue Ox~d,:ed protezn Carbo~;ymethylated prote*n Residues per monomer 
(24 h) umt, tool wt 7 ° ooo 

24 h 48 h 72 h 

Lvsme 46 (3 4 ° 4 41 4 z3 (43 o) 
Hlstxdlne 13 7 13 2 13 4 13 (13 4) 
Argmme 2i 7 19 2 19 8 20 (20 3) 
Aspart lc acid 72 5 73 6 72 2 7 ° o 72 (71 9) 
Threonlne 29 7 29 3 27 5 26 3 31 (31 4) 
Serlne 35 2 33 7 31 2 29 o 37 (36 7) 
Glutamlc acid 77 I 73 i 72 4 7 ° 7 72 (72 i) 
Prohne 20 3 17 4 18 3 19 (18 7) 
Glyclne 48 I 48 i 47 3 49 8 48 (48 o) 
Alanlne 8o o 74 5 73 3 72 3 73 (73 4) 
Half -cys tme 2 8 3 (2 8) 
Vahne 53 3 58 8 60 5 66 (65 5) 
Methlomne i i  o I I  ( I I  o) 
Isoleuclne 29 2 31 o 33 7 35 9 38 (37 9) 
Leucme 49 2 5 ° o 5 ° 7 5 ° I 5 ° (5 ° 2) 
Tv losme  19 I 18 6 19 4 19 (19 o) 
Phenylalanlne 22 7 25 6 26 i 26 3 26 (26 o) 
T r~p tophan  5 (4 7) 

modifier is e l iminated even at low concentrations of Fru-I ,6-P 2 whmh clearly func- 
t ions as an activator A similar but less pronounced act ivat ing effect of  Fru-I ,6-P 2 
was found in a series of experiments conducted in sodium phosphate buffer (pH 8 o, 
I = o i )  

Isoelectrzc poznt and amino ac,d composztzon of lactate dehydrogenase 
The distance of migration of the malor protem band m each polyacrylamlde gel 

electrophoresls experiment, performed under standard conditions, is plotted as a 
functmn of pH In h g  4 Only a single band was observed in each experiment, except 
m those conducted at pH 8 o and 9 o m trlethanolamlne-HC1 buffers where a minor 
component moving with a shghtly lower moblhty was also observed Although no 
detailed interpretation of the ordinate values of Fig 4 is possible In terms of net 
charge, this series of comparative experiments permits estimation of the isoelectnc 
pomt of the protem as pH 4 3 m acetate buffer, I = o I 

The results of the ammo acid analyses are summarized In Table I I  They were 
used to estimate the mean residue weight (lO9) of the constituent amino acids and an 
apparent specific volume of o 74 for the enzyme 

Ultracentrifuge stud,es 
Schheren patterns obtamed on sublectmg dlalysed solutions of lactate dehydro- 

genase to sedimentation velocity are shownlmlVlg [5 TheZuse of a cell contammg a 
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F i g  5 S e d i m e n t a t i o n  v e l o c i t y  p a t t e r n s  o b t a i n e d  w i t h  s o l u t m n s  o f  ~ c~emo~s 1 , i c t a t c  d e h ~ d r o -  
g e n a s e  a t  19 ° S e d l m e n t a t m n  is f rom r ight  to  left  T h e  u p p e r  p a t t e r n s  refer to  a o 2 6 %  e n z y m e  
s o l u t i o n  in p h o s p h a t e  buffer  ( p H  7 o, I ~ o I)  and  the  l o w e r  p a t t e r n s  to  a o 32 °o e n z y m e  s o l u t m n  
i n  t r i e t h a n o l a m m e - H C l  buffer  ( p H  9 o, I - -  o o i )  

wedge-window permits direct comparison of the behavlour at pH 7 o (upper pattern) 
and at pH 9 o (lower pattern) The result obtained at pH 7 o was consistently ob- 
served with four different preparations of the enzyme and was typical of results 
obtained at pH 5 o m acetate buffer and m phosphate buffers of pH 6 o and 8 o It 
reveals a major peak sedmaentlng with an g2o, w value of 7 I S and a small proportmn 
of a I4-S component In contrast, at pH 9 o in trlethanolamme-HC1 buffer, the amount 
of I4-S component is reduced and the gzo,w value of the major peak is 3 o S 

Sedlmentatmn velocity results obtained in other environments are summarized 
in Table III, together with tool wt values obtained at pH 7 o and O o by the Archi- 

T A B L E  I i i  

W E I G H T - A Y E R A G E  S E D I M E N T A T I O N  C O E F F I C I E N T S  A N D  M O L E C U L A R  ~ E I G H T ~  OF S CY£~HOYlS L ~ C -  

TATE DEHYDROGP~NASE 

Buffer compos i t ion  Conch pH Enzwm Temp of g2o ,, (S) Mol wt 
(31) conch (%) tun 

NaC1  o o 3 
S o d i u m  a c e t a t e  o 07  5 o o 14 I 0  2 ° 7 I s  
A c e t i c  a c i d  o 03 

N a H 2 P O  a o 07  6 o o 36  20 o ° 6 7 t  
N a ~ H P O a  o o i  o ]2 5 3 ° 6 73 

N a H 2 P O  4 o o18  7 o o 39 19 5 ° 7 08 
N % H P O  4 o 027  o 34 19 3 ° 6 96 

o 27 20 5 ° 7 15 
o 26 t 9  2 ° 7 °5 
0 2 1  IO 5 ° 7 21 

N a H z P O  4 o 002  8 o o 33 20 o ~ 6 04 
N a 2 H P O  4 o 033  o 30 5 3 ~ 6 87 

NaC1 o o 9 
HC1 o o i  
T r i e t h a n o l a m l n e  o i o  

0 o o 38 19 I ° 

HC1 o o i  0 o o ]2  i ~  8 3 o 
T m e t h a n o l a m l n e  o i o  o 25 16 9 ° 3 2 

o 25 17 I ° 
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T A B L E  I V  

SE DI MENTATION "vELOCITY RESULTS OBTAINED ~ I T H  S cremor~s L~CTATE D E H Y D R O G E N A S E  

279 

Buffer Conch p H  Enzyme Temp rst peak 2rid peak 
eomi)o~zt,on (M)  conch (%) of run 

S=o,~ (s )  % s:o w (s )  % 

N a H z P O  4 o o 1 8  7 o o 27  20  5 ° 
N a e H P O 4  o 0 2 7  

N a C 1  o 08  

H C 1  o 02  7 8 o 2~ 19 2 ° 
T r l e t h a n o l a m m e  o 033  

N a C 1  o 05  
H C 1  o o5  8 o o 32 19 5 ° 
T r i e t h a n o l a m m e  o i o  o 31 3 8° 

N a C 1  o 09  
H C 1  o o I  8 3 o 27  19 2 ~ 
T r m t h a n o l a m m e  o 03  

H C 1  o o I  
T r l e t h a n o l a m l n e  o IO 9 o o 25 17 o ° 

o 7 16 IOO 

4 5~ 55 7 32 45  

4 71 57  7 20 43  
4 50 58  7 36 42 

4 5a 67  7 25 33 

3 20 I 0 0  - -  0 

bald procedure I t  is evident that no pronounced or systematic vanatlons of S2o,w 

values with concentration or with temperature were observed under the conditions 
specified Moreover, it IS apparent that  at pH 9 o the protein exists m solution as a 
species of mol wt 7 ° ooo half that  of the form (14o ooo) exmtlng at pH 7 o It  was 
found that the form existing at pH 9 o exhibited no enzymic activity Moreover, 
attempts to dlalyse a solutaon from pH 7 o or 8 o (phosphate) to pH 9 o (tnethanol- 
amme-HC1) and back to pH 7 o (phosphate) indicated that irreversible changes had 
occurred For example, a spread boundary with gz0,w of 5 3 S was found at the final 
pH of 7 o after the reversal compared to an initial value in the same phosphate buffer 
of 7 I S  

The question arises whether the large decrease in sz0,w and mol wt values 
reported above is solely due to a pH change from 7 o to 9 o The results summarized 
in Table IV indicate the operation of a specific buffer effect m addition to a pH effect 
At pH values of 7 8, 8 o and 8 3 m trlethanolamme-HC1 buffers, two incompletely 
resolved peaks were seen, the last four columns of Table IV giving estimates of thexr 
s20,w values and relative proportions It  is clear that  the relative proportion of 7-S 
material decreases systematmally with increasing pH The result obtained at pH 8 o 
(Table IV), where two peaks were evident, may be contrasted with that obtained at 
the same pH value in phosphate buffer (Table I II)  where only 7-S material was evident 
(except for about 3% of I4-S material) It  appears that at pH 8 o phosphate stabilizes 
the 7-S form of the enzyme and it was therefore of interest to examine the effects of 
added substrates and modifiers on the structural integrity of the enzyme at pH 8 o 
in tnethanolamme-HC1 buffer Addatlon of IO mM pyruvate in this environment did 
not alter within experimental error the relative proportmn of the peaks reported In 
Table IV In contrast, there was a marked effect of dialyslng the enzyme to pH 8 o 
In the presence of i mM NADH, the result being shown In Fig 6a The relative 
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(a) 

(b) 
..... l! 

(c) 

b i g  6 b e d n n e n t a t l o n  ~eloclt-~ p a t t e r n s  o b t a i n e d  u l t h  o 4 %  s o l u t t o n s  o f  .5 cremor,s l a c t a t e  
d e h y d r o g e n a s e  a t  2o ~ b e d m ~ e n t a t m n  ~s l r o m  r~ght  to  l e f t  I n  e a c h  case  t h e  s o l u t i o n  h a d  b e e n  
d l a l > s e d  a g a i n s t  t r l e t b a n o l a m l n e - H C 1  buf fe r  (pH 8 o, I = o i )  c o n t a i n i n g  (a) I n lM N A . D H  
(b) I m M  F r u - I , 6 - P  a a n d  (c) i m M  A~IP 

propor t ion  of  7-S mate r i a l  has increased from abou t  43% found af ter  dialysis  m t h e  
absence of N A D H  to abou t  8o°o m its presence The remain ing  2o% of  the  m a t e n a l  
ev ident  in F ig  6(a) is charac te r ized  b y  an g2o,~ of approx  4 S The inclusion of  I mM 
F r u - i , 6 - P  2 gave an en t i re ly  s imilar  resul t  (Fig 6b) On the o ther  hand,  the  inclusion 
of I mM A T P  m the dialysis  procedure  gave the resul t  shown m Fag 6(c), where a 
single spread  b o u n d a r y  is appa ren t  wi th  g2o,w of 5 6 S I t  was also observed t ha t  these 
subs t ra tes  and  modifiers (s tudied separate ly)  had  no effect on the  sed imen ta t ion  
behaxuour of  the  enzyme at  p H  7 o in phosphate ,  I = o I 

Optwal rotatory d~spers~on 
The observed var ia t ion  of the  mean  residue ro ta t ion ,  [re'Ix, with wavelength ,  

;t, is shown in Figs 7 and 8 for the  pro te in  at  p H  7 o and  q o, r espec twely  Bora te  
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b,_g 7 A compar i son  of  O R D  spec t ra  ob ta ined  wi th  S cremo~zs l ac ta te  dehydrogenase  ~ l t h  a 
curve  c o m p u t e d  for poly-L- lysme © - - © ,  t he  s p e c t r u m  ob ta ined  ~ l t h  t he  e n z y m e  (o o17%) in 
p h o s p h a t e  buffer  (pH 7 o) (o o18 M N a H 2 P O  4, o 027 M NaaHPO4) a t  25 ° - -  - - ,  t he  s imu la t ed  
s p e c t r u m  ca lcu la ted  for po ly-L- lvsme con ta in ing  lO% a -hehx ,  50°0 /5 s t r uc tu r e  and  40% r a n d o m  
cha in  

Fig 8 The  O R D  s p e c t r u m  of  S cremorzs  l ac ta te  dehydrogenase  (o o138°o) in bora te  buffer  
(pH 9 o) (o 005 M Na=B,O~, o oo69 M H~BO3) a t  25 ° © - - © ,  expe r imen t a l  po in t s ,  and  - -  - - ,  a 
cur~e ca lcu la ted  for po ly-L- lysme con ta in ing  lO% a-hel ix,  40°o /5 s t r uc tu r e  and  50°0 r a n d o m  
chain  

buffer was used for the latter determination since it was found that trmthanolamme- 
HC1 buffer absorbed light strongly below 234 nm Estimates of the helical content 
based on previously derived relationships is were 17% at pH 7 o and 13% at pH 9 o 
(calculated from the height of the peak at 202 nm and 198 5 nm, respectively) The 
shift in the position of these maxima suggests a loss of/5 structure, a postulate sup- 
ported by comparison of experimental curves in Figs 7 and 8 ( ) with (urves 
simulated 19 for poly-L-lyslne (--  - - )  The experimental results obtained at pH 7 o 
fit reasonably closely the curve simulated for poly-L-lysme comprising lO% a-helix, 
50°,/o/5 structure and 40% random chain the experimental results obtained at pH 9 o 
better fit the set, lO% a-hehx, 40°0 /5 structure and 50% random chain Although 
it is not suggested that th]s type of comparison uniquely defines the conformation of 
the enzyme, it shows that a conformatlonal change (probably involving a loss of 
both/5 structure and a-hehcal content) occurs on changing the pH from 7 o to 9 o 

Frontal analys~s zn Sephade~ chromatography 
A typwal elutlon profile obtained with a solution of lactate dehydrogenase m 

phopshate buffer (pH 7 o) is shown m Fig 9, where also the median bisector ( - - - )  
of the enzymic activity gradient on the advancing side is mdmated The corresponding 
elutaon volume (Ve = 14 7 ml) may be used to calculate a dlstrlbut]on coefficient 2°, 
Kay, equal to (Ve -- Vo)/(Vt -- Vo) where V 0 is the void volume and Ve is the total 
volume of the column Table V summarizes Kay values found with a fixed enzyme 
concentration (o 038 mg/ml) as a function of pH and shows the effect on Kay values 
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F i g  9 T h e  e l u t l o n  p ro f i l e  o b t a i n e d  f r o m  a f r o n t a l  a n a l y m s  c h r o m a t o g r a p h y  e x p e r i m e n t  o n  S e p h a -  
d e x  G - i o o  (I 4 c m  2I  cm)  c o n d u c t e d  a t  4 ° A 3 o - m l  s a m p l e  o f  q cremorzs l a c t a t e  d e h } d r o g e n a s e  
(o o 3 8  m g / m l  in  s o d i u m  p h o s p h a t e  b u f f e r  ( p H  7 o, I ~ o I) ~ a s  a p p l i e d  a n d  c o l l e c t e d  f r a c t i o n s  
w e r e  w e i g h e d  t o  g i v e  t h e  a b n c l s q a  v a l u e s  a n d  assaTyed f o r  e n z y m i c  a c t i v i t y  t o  g i v e  t h e  o r d i n a t e  

a l u e s  

of Including modifiers and substrate (NADH) as indicated In four different experi- 
ments, all conducted with enzyme alone in sodium phosphate buffer (pH 7 o, I = o I), 
the value of Kay was o 096 ~_ o o03 Thus, the decrease of Kay wlth increasing pH 
(first three rows of Table V) is regarded as significant Comparison of results obtained 
at pH 7 o clearly sho~s that NADH and Fru-i ,6-P 2 both decrease/X'a~, x~hlle ATP 
acts oppositely bv increasing Ka~ to the largest observed value of o I I  7 

T A B L E  V 

THE DEPENDENCE OF DISTRIBUTION COEFFICIE',~TS OF S cremor~s L~CT~TE DEH-xDROC*ENA.SE ON 
p H  AND ADDED MODIFIERq 

V a l u e s  o f  t h e  d i s t r i b u t i o n  coe f f i c i en t s ,  I ,a~ ( e s t i m a t e d  a c c u r a c y  ~ o oo3) ,  x~ere c a l c u l a t e d  f r o m  
o b s e r v e d  e l u t i o n  ~ o l u m e s  o b t a i n e d  in  q e p h a d e x  G - I o o  c h r o m a t o g r a p h m  e x p e r i m e n t s  p e r f o r m e d  
b y  t h e  m e t h o d  o f  f r o n t a l  a n a l y s i s  ( e n / v m e  c o n c e n t r a t i o n  m t h e  p l a t e a u  w a s  o o~8 m g / m l )  

Environment  p H  I(a, 

S o d i u m  p h o s p h a t e  ( I  - -  o i)  0 o o i o ,  
S o d i u m  p h o s p h a t e  ( [  - -  o i)  7 o o 096 
S o d i u m  p h o s p h a t e  ( I  ~ o i)  8 o o 081 
S o d i u m  p h o s p h a t e  ( I  = o I) c o n t a m m g  o i m M  F r u - i , 6 - P  2 7 o o o71 
S o d m m  p h o s p h a t e  ( I  - -  o I) c o n t a i n m g  o 2 m M  N A . D H  7 o o 063 
S o d i u m  p h o s p h a t e  ( I  - -  o I) c o n t a m l n g  i o  m M  A ' I P  7 o ~ 117 

D I S C U S S I O N  

The method presented for purlfymg S cremor~s lactate dehydrogenase con- 
slstently gave a product which was electrophoretically homogeneous with respect to 
enzymic and protein content YOSHIDA AND FREESE 21 reported a similar result with a 
lactate dehydrogenase from B a c , l l u s  sub tzhs  and thus the behavlour of these bacterial 
dehydrogenases may be contrasted with that of mammalian lactate dehydrogenases 
where the occurrence of electrophoretlcally distinct lsoenzymes is well established 
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The ammo acid composition reported in Table I I  differs only in minor respects from 
tha t  found with the enzyme from B subt,l,s 21 and moreover, the two dehydrogenases 
are strikingly similar in physical properties Thus, the B subtzlzs enzyme in phosphate 
buffer (pH 7 2) is enzymically active, and IS characterized by an S2o,w of 6 7 S and a 
tool wt of 146 ooo in Tns (pH 8 8) the act ivi ty  is lost, the molecular weight decreases 
to 72 ooo and ORD measurements indicate conformational unfolding The S cremor~s 
enzyme exists at pH 7 o essentially as a single species (Fig 5) of tool wt I4o ooo (the 
mean of values reported In Table III) and this state of the enzyme prevails in the pH 
range 5 o-8 o in the environments specified m Table I I I  The frictional r a t io  of this 
form of the enzyme, est imated by s tandard procedures I5 is I 26 At pH 9 o in trl- 
ethanolamlne-HC1 buffer the frictional ratio increases to i 80 and the molecular 
weight decreases to 7 ° ooo, the effects In conlunctlon explaining the marked decrease 
of g20,w from 7 S to 3 S In what follows the 7 ° ooo species IS termed monomer and the 
14o ooo species dlmer although the posslbihty is not excluded that  the monomer may 
be comprised of subunlts not detected in this s tudy I t  appears, therefore, tha t  in- 
creased electrostatic repulsive forces Inherent on Increasing the pH away from the 1so- 
electric point (pH 4 3) contribute to the dlssocIatlon and lntramolecular rearrange- 
ment within monomer units The postulated conformatlonal change Indicated by 
hydrodynamic measurements is supported by the ORD results (Figs 7 and 8) 

The choice of trlethanolamlne-HC1 buffers in the further investigation of sedi- 
mentation properties in the alkaline range (Table IV) was dictated by the observation 4 
tha t  maximal  act ivi ty occurred at pH 8 o In this buffer Therefore, it is of interest 
tha t  after 2 days of dialysis in this environment, the sedimentation velocity results 
exhibited behavlour intermediate between tha t  observed at pH 7 o and 9 o I t  is not 
possible that  the two peaks observed In this pH region arose as a result of a rapid 
equilibration between the monomer and dimer 22 Indeed, the available evidence, 
including the failure to reverse the 7 S ~ 3 S transit ion on changing the pH by 
dialysis, favours the postulate of a relatively slow and irreversible transformation In 
trlethanolamine-HC1 buffer toward an unfolded and inactive monomenc form, the 
extent  or rate of the transit ion being favoured by an increase of pH The results in 
Figs 6(a) and (b) indicate that  at  pH 8 o the substrate NADH and the act ivator  
Fru- I ,6 -P  2 tend to stablhze the folded dlmeric form, although the appearance of 
slower sedlmenting material  indicates tha t  their protective action m this respect is 
less effective than phosphate Ions The spread boundary evident in Fig 6(c) suggests 
that  ATP is even less effective than NADH and Fru- I ,6-P  2 m malntamlng the 
structural  integri ty of the dimer unit, but  the polydlsperslty indicated prohibits 
detailed interpretat ion 

Although the above results provide the first indication that  a modifier (Fru-i ,6-  
P2) and a substrate (NADH) may par t ia l ly  determme the size and shape properties 
of the enzyme at pH 8 o, it  is not suggested tha t  the slow 7 S --~ 3 S transit ion is of 
importance in relation to the initial velocity studies reported Thus, even kinetic 
experiments performed In tnethanolamlne-HC1 buffer at  pH 8 o were conducted with 
enzyme solutions stored at  pH 7 o and were completed in times less than I rain from 
the time the enzyme encountered the pH 8 o medium Thus, it appears from the 
results discussed tha t  the operative species in kmetlc experiments would be the dlmer 
of tool wt 14o ooo However, the posslbIhty of a rapid dissociation and/or conforma- 
tional change occurring on dilution at a fixed pH cannot be excluded This posslblhty 

Bzochzm Bzophys Acta, 25 ° (1971) 271-285 



28 4 (. R JAGO et al 

iS related to the question as to the mode of action of the modifiers, ATP and Fru-I,6- 
P~, and it becomes necessary to examine two possible explanations 

The first involves the proposition that at a fixed pH, dilution of the enzyme 
(apparently existing as dlmer at concentrations equal to or greater than 0 I%) results 
in a rapidly equilibrating mixture of monomerlc and dlmerlc species In this event, the 
observed elutlon volumes (e g Fig 9) would be weight-average quantities ~2,23 and the 
variations in/X2av values (Table V) would reflect shifts in the monomer-dlmer equl- 
hbrlum In these terms, the decrease in Kav observed in the presence of NADH and 
Fru-I ,6-P 2 would Imply that these materials favoured an active dlmerlc form Double 
reciprocal kinetic plots found with a monomer-dlmer system an which the active 
species as favoured are expected to be essentially hnear 24,25 as observed (Fag 3) Since 
K~v is increased in the presence of ATP, this inhibitor could be functioning by favour- 
ing the less active monomerlc form, leading to upward curvature of kinetic plots 
(Fig i) also in accord with theoretical prediction 24,25 However, three items of evid- 
ence suggest that  the proposed monomer-dlmer equilibrium is not the sole explanation 
of all observed effects First, the decrease In /X'av values (Table V) with increasing pH 
would Imply that dlmer was favoured as the net negative charge increased Secondly, 
no concentration-dependence of specific activity was found in the pH range 6 0-8 o 
in the absence of modifiers Thirdly, double reciprocal plots (Fig 3) assumed hnearlty 
~alth an Fru-I ,6-P 2 concentration as lo~ as o ooi raM, which might suggest that 
conversion to dlmer was essentlall? complete however, further and marked activa- 
tion was found employing higher concentrations of Fru-I ,6-P 2 

The second explanation assumes that the dlmerlc species (I4o ooo) remains un- 
dls~ociated on dilution to concentration levels used in enzyme kinetic and frontal 
analysis studies Changes in Kay values must now be interpreted in terms of shape 
changes of the enzyme Thus, the decrease in Kay values with increasing pH (Table V) 
suggests that the dlmer as susceptible to conformatlonal transitions even in phosphate 
buffer, an increase in net negative charge resulting in unfolding to forms characterized 
by smaller elutlon volumes The lowering of/gay ~ alues by NADH and Fru-I ,6-P a 
would similarly Imply unfolding of the enzvme structure, in turn (since Fru-I,6-P2 is 
an activator) faclhtatmg the binding of the second substrate pyruvate and the sub- 
sequent oxidation-reduction reaction The increase in/X'av found in the presence of 
ATP suggests Induction of a more compact structure in which the active site is par- 
tlally masked It  would not be expected with a non-associating s~ystem for the specific 
activity at fixed pH values to be concentration-dependent and the dependence ob- 
served In the presence of fixed concentrations of ATP is explained on the basis of a 
changing molar ratio of ATP enz 5 me 

Although the two models discussed are not mutually exclusrve in that both size 
and shape changes may operate at high dilution, it appears definite that conforma- 
tlonal changes of the enzyme induced b 5 variation of pH or addition of the modifiers 
play an important role in regulating the enzymic activity Certainly the concept of 
unfolding of the enzyme structure to produce a more active form is consistent with 
several other observations made with this enzyme s 4 First, it has been found that the 
activity increases with pH to an optimum value of pH 8 o in the absence of modifiers 
suggesting that the degree of unfolding is also optimal at this pH It  is entirely consis- 
tent that as the pH is further increased, a time-dependent dissociation arid further 
marked unfolding would occur leading to inactivation Thus, it mlght be expected 
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that the enzyme would be more stable with respect to time at lower pH values (e g 
pH 6 o) and indeed such behavlour has been observed 4 Secondly, it has been found 
that phosphate Ions inhibit the activity in the presence of Frn-I ,b-P 2, an observation 
explained by the postulate that phosphate ions stabilize the folded dlmerlc form of 
the enzyme in opposition to the unfolding effect of Fru-I ,6-P 2 Finally, it appears 
that the unfolding induced by Fru-I ,6-P 2 in trlethanolamme-HCl buffer not only 
eliminates any slight cooperatlvity between the active sites (Fig 3) but also is e~en- 
tlally complete in the pH range 5 0-7 o, since in the presence of I mM Fru-I ,6-P 2 a 
broad plateau of enhanced activity was observed in this pH range 4 
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