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Summary 

1 The technique of dlfferenhal  thermal and proteolyt lc  reactivation has 
been employed as a conformat lonal  probe for the lysme-senslhve aspartokmase 
(EC 2 7 2 4) of  Escherzchza coh B 

2 L-Amino acid lnhlbltors of this enzyme each induce a charactenstm 
enzyme conformatmn This is ewdenced by rates of thermal and proteolytm 
machvahon  and Arrhenms achvatlon energies for thermal reactivation whmh 
are charactenst lc  of  the amino acid present 

3 Phenylalanme and leucme binding are mutually exclusive as evidenced 
by compeht lve  behavior in thermal machvat lon experiments,  suggesting a hy- 
drophoblc  amino acid binding site with broad specffmlty 

4 The phenylalanlne-dependent  conformat ion  and the leucme-dependent  
conformat ion  differ considerably In comparison with the nahve enzyme,  the 
former  is more labile to proteolysls by trypsin whereas the latter is more stable 
First-order rate constants for thermal machvatmn of the phenylalanme- and 
leucme-dependent  conformatmns are, respectively, about  one-half and one- 
tenth that  of  the nahve enzyme 

5 Items 3 and 4 taken together  suggest that the conformatmns are hgand 
reduced and do not  arise wa hgand stablhzatlon of spontaneously arlsmg con- 
formers 

In t roduct ion  

The achvlty of  several bacterial aspartoklnases (EC 2 7 2 4) is altered by 
hydrophobm ammo acids [1--5] including one achvated by leuclne m Baczllus 
subtzhs [1] With the lyslne-sensltlve kmase of Escherzchza colz, several hydro- 
phobic amino acids display cooperative heterotropm interactions with lysme 
[2] On the other  hand, with aspartokmases subject to concerted feed back 
inhibition m a thermophlhc  bactermm, m Rhodospzrz l lum tenue, and m 
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Bacdlus polymyxa, hydrophobm amino acids reverse mhlbl tmn by lysme 
and/or threonme [3--5] The metabohc slgmfmance of these effects is not  
understood but  it clearly mvolves modula tmn of the enzymes response to 
primary end-product control 

The mhlbl tmn of the lysme-sensltlve kmase of E coh B by hydrophobm 
ammo acids ~s mcomplete,  ranging from about 30% at saturatmg vahne concen- 
tratmns to around 75% at saturatmg concentratmns of phenylalanlne (unpub- 
hshed) These facts, together with the non-competltlve nature of  lysme mhlbl- 
tmn [6,7],  suggest that  the various ammo acids mduce or stabilize conforma- 
tmns of the enzyme whmh have different catalytic capacltms 

This idea is consistent with the concept that  this aspartokmase is a " V "  
system [8] allostenc enzyme m whmh V is altered by effectors to a much 
greater extent  than are Km values Furthermore,  the synergy that exists be- 
tween the hydrophobm amino acids and lysme suggests that  the forms of the 
protem with dlmlmshed catalytm capacity have increased a fhmty  for lysme 
Agam, this is consistent with the original hypothesis and with recent bmdmg 
studms [9].  These conslderatmns have led us to ask the following questmns (1) 
Are there different protein conformations resulting from bmdmg of the various 
ammo acid mhlbltors9 (2) Do the varmus hydrophobm amino acids bmd at a 
relatively non-specffm s~te(s) or do separate bmdmg s~tes ernst for each amino 
acid9 We have adopted the method of dffferentml mact~vatmn to gain answers 
to these questmns and present the results m th~s commumcatmn 

Methods 

Growth of E coh, purlf~catton and assay of  aspartokmase E colt B cells 
were grown m contmuous culture m a glucose-salts medmm at 39°C as pre- 
viously described [10]. Lysme-sensltlve aspartokmase was prepared by pre- 
viously pubhshed procedures [11--13]. Aspartokmase actwlty was assayed by 
the hydroxamate  procedure as previously descnbed [11] A umt is 1 pmol of 
aspartylhydroxamate produced per mm Both pure and partially punfmd prepa- 
rations were used m this study 

Thermal mactwatlon Prior to use m reactivation studms, aspartokmase 
was chromatographed over a 1 × 15 cm column of Sephadex G-25 equlhbrated 
with 20 mM potassmm phosphate, pH 6 75, and 0 1 mM MgNa2 EDTA to 
remove residual salts and lysme present m the punfmatlon buffer After assay- 
mg the protein content  by absorbance at 225 and 215 nm [14] fl-mercapto- 
ethanol was added to a fmal concentration of 30 mM Aspartokmase (0 2 
mg/ml) m 0 05 ml of the above buffer was mkxed with 0.05 ml of water or 
amino acid solution, immersed m a thermostated water bath and after a time, 
removed, cooled by immersion m an me bath and the addltmn of 0 4 ml of the 
above phosphate buffer Residual enzyme actlwty remammg m this solutmn 
was assayed m tnphcate  and compared to an ldentmally prepared but unheated 
control sample Various amino acids and KC1 were added to the solutmn to be 
heated (as well as its corresponding unheated control) Concentratmns, time, 
and temperatures are given m the hgure legends F~rst-order rate constants for 
mactlvatmn were obtamed from the slopes of least square fits of log fractmnal 
act~wty remmnmg versus time 
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Proteolytzc ~uactwattou Aspartok]nase (50 pg/ml) was incubated with 
trypsin (CalBlochem, 0 33 mg/ml) ]n phosphate buffer (20 mM potassmm 
phosphate, pH 7 0, 30 mM fl-mercaptoethanol, 0 1 mM MgNa2 EDTA) at 25°C 
At various time intervals, 0 3-ml allquots were w]thdrawn from this reaction 
mixture and mLxed w~th 0 3 ml of a 2 mg/ml solution of soybean trypsin 
inhibitor (Sigma) m the same buffer to terminate the proteolytm reaction The 
residual enzyme activity was assayed and compared to a control as previously 
described for thermal lnactlvatmn experiments Trypsin solutmns were pre- 
pared just prior to use Tryps]n was assayed using a-N-benzoyl-DL-argmme-p- 
mtroamhne [ 15] and by this assay, lysme did not inhibit trypsin actwlty 

Resul ts  

Thermal reactivation as a functmn of time is presented m Fig 1 and 
proteolytm inactivation is similarly presented m F]g 2 Under both condltmns, 
inactivation follows first-order kmetms, irrespective of the presence of satu- 
rating concentratmns of various amino acids In Fig 1, all L-amino acids tested 
prowded slgmflcant protectmn from thermal inactivation but each produced a 
charactenstlc rate at saturatmn Halwng the amino acid concentrations used in 
Fig 1 did not  alter the lnactlvatmn rate For example, the rate constants with 
40 and 80 mM phenylalanme were 0.73 and 0 71 m m - ' ,  respectively Protec- 
tmn from thermal lnactlvatmn is also stereospecffm Inactivation in the pres- 
ence of 40 mM D-leuclne, 40 mM D-phenylalanme, or 5 mM D-lyslne was not 
slgnlhcantly different from that  observed in the absence of amino acids The 
rate constants obtained were 1 29, 1 21 and 1 26 mm- ' ,  respectively, compared 
to 1 36 mm -L obta]ned in the absence of any amino acid Corresponding L- 
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F ig  1 T h e r m a l  i n a c t i v a t i o n  o f  a s p a r t o k m a s e  m t h e  p r e s e n c e  a n d  a b s e n c e  o f  s a t u r a t i n g  c o n c e n t r a t i o n s  o f  

a m i n o  ac ids  ~ , n o  h g a n d s ,  m, 4 0  m M  L - l e u c m e ,  e,  5 m M  L - l y s m e ,  A, 1 0 0  m M  L - m o l e u c m e ,  , 1 0 0  m M  

L - m e t h l o n m e ,  L1, 8 0  m M  L - p h e n y l a l a n m e ,  ~, 5 m M  D - l y s m e  The  t e m p e r a t u r e  wa~ 5 6 ° C  T h e  a s p a r t o -  

l~nase  s p e c l f m  a c t l v l t y  was  13  u m t s / m g  

F ig  2 P r o t e o l y t l c  r e a c t i v a t i o n  o f  a s p a r t o k m a s e  m t h e  p r e s e n c e  a n d  a b s e n c e  o f  s a t u r a t i n g  c o n c e n t r a t i o n s  

o f  a m i n o  a c i d s  n, 4 0  m M  L - p h e n y l a l a n m e ,  m, 4 0  m M  L - l e u c m e ,  o, 5 m M  L- ly s lne ,  , 50 m M  L-meth~o-  

n i n e ,  A, 50  m M  L - l s o l e u c m e ,  ~ , n o  h g a n d  T h e  t e m p e r a t u r e  was  2 5 ° C  The  a s p a r t o k m a s e  s p e c i f i c  a c t i v i t y  

was 13  u m t s / m g  
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amino acids gave values of  0 13, 0 71 and 0 02 mm -~ , respectively 
The rate constants obtained with saturating concentratmns of  phenylala- 

nine, leucme and lysme are not  slgnffmantly affected by the purity of  the 
enzyme preparatmn. In the absence of  protechve hgands, there is a shght 
tendency for aspartokmase to become more stable wzth mcreaslng purzty up to 
a specffm achwty  of  about 10 umts/mg. Above this, purity does not  affect the 
lnactwatmn rate. 

Arrhenms plots for thermal mactlvatmn with saturating hgand concentra- 
tmns are shown m Fzg. 3 Actzvatmn energms obtained from these data are Ea, 
(L-lysme) 164 + 12 kcal/mol, Ea, (no hgand) 125 + 4 kcal/mol, Ea, (L-leucme) 
206 +- 25 kcal/mol and Ea, (L-phenylalanme) 175 -+ 11 kcal/mol Actwatmn 
energms obtained are characteristic of  the saturatmg hgand and are greater than 
when no hgands are present However, unless one excludes lysme, there is no 
parallel relatmnshlp between the machvahon rate constant and the achvatmn 
energy suggesting that the pre-exponentml term of  the Arrhenms equatmn 
contributes slgmfmantly to the differences observed m lnactlvatmn rates with 
the various hgands 

As shown m Fig 4, the pH o p h m u m  for thermal mactlvatmn is not  al- 
tered by the hgands tested. This rules out  the posslbdlty that the difference 
between hgands is due to their affecting the pH opt imum for the denaturahon 
reaction 
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Fzg 3 A r r h e m u s  p l o t s  f o r  t h e r m a l  m a c t z v a t z o n  o f  a s p a r t o k m a s e  m t h e  p r e s e n c e  a n d  a b s e n c e  o f  s a t u r a t i n g  
c o n c e n t r a t i o n  o f  a m i n o  a c z d s  ~ ,  n o  h g a n d ,  t ,  5 m M  L - l y s m e ,  m, 4 0  m M  L - l e u c m e ,  D, 8 0  m M  L e p h e n y l a l a -  
n i n e  T h e  a s p a r t o k ~ n a s e  s p e c t f t c  a c t z v l t y  w a s  1 3  u m t s / m g  

Fzg 4 p H  d e p e n d e n c e  o f  t h e r m a l  m a c t z v a t z o n  o f  a s p a x t o l u n a s e  FLrs t -order  r a t e  c o n s t a n t s  f o r  m a c t z v a t s o n  
w e r e  d e t e r m i n e d  at  5 6 ° C  as d e s c r i b e d  m t h e  t e x t  e x c e p t  t h a t  t h e  b u f f e r  p H  w a s  v a n e d  a n d  0 2 4  M K C I  

w a s  p r e s e n t  o,  0 2 4  M K C I ,  A, 8 0  m M  L - p h e n y l a l a n m e  a n d  0 2 4  M K C I ,  e ,  4 0  m M  L - l e u c m e  a n d  0 2 4  M 

KC1 A s p a r t o k m a s e  s p e c z f m  a c t z v l t y  w a s  1 3  u m t s / m g  
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The contrast to thermal inactivation, phenylalamne labfilzed aspartokmase 
toward proteolytm inactivation Further comparison of Figs 1 and 2 shows 
that  while Isoleuclne and leuclne produce almost identical results in thermal 
denaturation, they appear different in proteolytIc inactivation 

When differential inactlvatmn data obtained at sub-saturating lysIne con- 
centratlons are treated quantitatively according to Cirri [16], the "Hill coeffi- 
cients" obtained are 2 2 and 1 9, respectively, for thermal inactivation and 
proteolytic inactivation These values agree reasonably well with the generally 
accepted value of 2 0 for the Hill coefficmnt for lysine inhibition [2,12,17] 
and lyslne bindmg to aspartokinase [12] (see ref 9 for a somewhat lower value 
for the E c o h  K, : enzyme) 

The experiment m Fig 5 was conducted to gain some information on the 
question of whether separate sites exist for each of the hydrophoblc amino 
acids The plot shown In Fig 5 1s similar to a Dixon plot and it can be shown 
that  for a competitive case (or mutually exclusive binding of the two lIgands) 
the plot of (kL - -  k e ) / ( k  - -  k e )  versus phenylalanme concentration at different 
fixed concentrations of leucme intersect at a value of unity on the ordinate and 
a value numerically equivalent to --Kp (kF -- k~ )/(kL -- kp ) on the abscissa, kF, 
kL, and kp are thermal denaturation rate constants for free enzyme, leuclne- 
saturated, and phenylalanine-saturated enzyme, respectively k is the observed 
rate constant for inactivation at various combinations of leucme and phenylala- 
nine Kp is the dissociation constant for the enzyme-phenylalanlne complex * 
This experiment provides support for the idea that the hydrophobic amino 
acids bind to the same site 

Discussion 

The conformatlonal mobIhty of a protein may be explored by a variety of 
techniques Among these is differential mactivatlon whmh has been recently 
revmwed by Cltrl [16] While this method is redirect, it is sensmve, and since It 
rehes on measurements of enzyme activity, is a "high informat ion" method 
compared to more direct physical methods [18] The necessity of correlating 
physical measurements with enzyme activity is illustrated by the observation 
that  both LI * and K ÷ induce the same difference spectrum m pyruvate klnase 
but only K + supports catalytic activity [19] 

* T h e  e q u a t m n  d e r i v e d  f o r  F i g  5 is 

] L h p  h 1 + b  /~1 
= - - +  p 

k I,p K l £ '  + L K i K p k '  + h p L  

W h e r e  k'  = (k F k p ) / ( k  L - -  k p ) ,  P = p h e n y l a l a n m e  c o n c e n t r a t i o n  a n d  L = l e u c m e  e o n c e n t r a h o n  
T h e  a s s u m p t i o n s  a r e  

E l F  E l L  

/~p = - - , K 1  = - - , e =  E f +  E L  + E p 
Ep  E L  

a n d  

v = h e = l ,  F E f + h L E L + k p ( e  E f - - E L )  

W h e r e  Ef ,  E L,  a n d  Ep  r e p r e s e n t  f r e e ,  l e u e l n e - b o u n d  a n d  p h e n y l a l a n m e - b o u n d  e n z y m e ,  r e s p e c t i v e -  
ly ,  v is t h e  v e l o c i t y  o f  t h e r m a l  r e a c t i v a t i o n  a n d  e is t o t a l  e n z y m e  
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k L kp 
k kp 

o 

3o 2's s'o 7's 
L-Phe, mM 

F , g  5 D z x o n - t y p e  p l o t  o f  t h e r m a l  z n a c t l v a t z o n  o f  a s p a r t o k m a s e  m t h e  p r e s e n c e  o f  c o m b m a t z o n s  o f  

l e u e m e  a n d  p h e n y l a l a m n e  T h e r m a l  m a c t z v a t m n  r a t e s  w e r e  o b t a i n e d  a t  5 6 ° C  as  d e s c r i b e d  m t h e  t e x t  (h L 

- -  t~p)/(/~ - -  k p )  zs p l o t t e d  v e r s u s  p h e n y l a l a n m e  c o n c e n t r a t m n  a t  t w o  f*xed  c o n c e n t r a t m n s  o f  l e u c m e  o, 
5 m M  l e u c m e ,  o, 10  m M  l e u c m e  k L a n d  k p  a r e  f z r s t - o r d e r  r a t e  c o n s t a n t s  f o r  t h e r m a l  r e a c t , v a t * o n  a t  

s a t u r a t i n g  c o n c e n t r a t * o n s  o f  l e u c m e  a n d  p h e n y l a l a m n e ,  r e s p e c t z v e l y  k zs t h e  o b s e r v e d  r a t e  c o n s t a n t  w z t h  

t h e  v a r i o u s  c o m b m a t z o n s  o f  l e u c m e  a n d  p h e n y l a l a m n e  s h o w n  I t  c a n  b e  s h o w n  t h a t  f o r  m u t u a l l y  e x c l u s z v e  

b i n d i n g  ( c o m p e t a t z v e )  t h e  t w o  l i n e s  i n t e r s e c t  a t  a v a l u e  o f  u m t y  o n  t h e  y ax*s  a n d  a v a l u e  o f - - K p ( h  F - -  

tZL)/(te L - -  k p )  o n  t h e  x axzs  h F zs t h e  f i r s t - o r d e r  r a t e  c o n s t a n t  f o r  t h e r m a l  m a c t , v a t m n  m t h e  a b s e n c e  o f  
a m i n o  a c , d s  K zs t h e  d z s s o c m t m n  c o n s t a n t  f o r  t h e  e n z y m e  p h e n y l a l a n m e  c o m p l e x  I n  thzs  e x p e r i m e n t ,  

Iz F = 1 14  m m  ~-pl,lzP= 0 56  m m  - l  a n d t ~  L = 0  1 5 m m  - l  K p e s t z m a t e d  f r o m  t h e s e  d a t a z s 1 2  m M  T h e  l e a s t  

s q u a r e  h n e s  a re ,  y = (0  0 2 1 4  + 0 0 0 3 7 )  ~ +1  7 ± 0 1 8  f o r  5 m M  l e u c m e  a n d  y = (0  0 0 9 8 4  ± 0 0 0 2 1 )  

1 32  ± 0 0 9 8  f o r  1 0  m M  l e u c m e  T h e  m t e r s e c t m n  p o i n t  zs y = 1 0 4 ,  x = - - 3 0  A s p a r t o k m a s e  speczfzc  

a c t z v l t v  w a s  1 8  u m t s / m g  

Whzle kmetm experiments suggest that  phenylalanme and leucme bmd to 
the same site or to mutually exclusive sites on aspartokmase, it zs clear that  the 
conformations reduced or stabilized by these hgands are grossly dzfferent Both 
are more stable to heat than the natzve conformatzons but their first-order rate 
constants for mactlvatzon differ by about 5-fold Arrhemus actzvatmn energms 
also dzffer by about  31 kcal/mol Furthermore,  m proteolysls experiments, the 
phenylalanme conformer is more labile, while the leucme conformer zs more 
stable In vmw of their cooperative heterotropm interactions, zt may be pre- 
sumed that  lysme and the hydrophobm amino acids brad at different sites 
However, m view of the apparent broad specificity of the hydrophobm site, 
there may be some lysme binding to it at high lysme concentratmns There is 
evidence for this m the aspartokmase from another strain of E coh [9] The 
concerted model of Monod et al [8] has features whmh explain much of the 
behawor of various aspartokmases [9,20] When the effects of monovalent 
cations and hydrophobm amino acids are considered, one must postulate many 
spontaneously arising conformatmns m order to stay with the s~mple concerted 
model It is simpler to postulate that  certain conformations are hgand induced, 
perhaps superimposed on a basic conformatmnal  equillbrmm of the concerted 
type With the apparent binding of leucme and phenylalanme at the same site, 
the differences observed m the propertms of the two conformers are most 
hkely due to hgand-mduced differences 
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