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SUMMARY 

Maleate hydratase  (D-malate hydro-lyase) has been found to have an absolute 
requirement for certain univalent anions. The relative effectiveness of the various 
anions in act ivat ing the hydratase  can be ranked 

Br > CI-, NO 3 > I- > SCN- > formate- > F- > acetate- o 

Activat ion appears to be independent of pH  in the range 6.o-9.o and, at least in the 
case of CI-, is described by  the expression 

V/v (~ + K4[sJ) (~ + IG/[A]) 

where v is the initial velocity;  V, the maximal  initial velocity;  IS] substrate concen- 
t rat ion;  [A I, anion concentrat ion;  Ks, a Michaelis constant ;  and Ka, the apparent  
dissociation constant  of enzyme with act ivat ing anion. 

INTRODUCTION 

Maleate hydratase  (D-malate hydro-lyase), a soluble enzyme of rabbit  kidney 
cortex 1 which catalyzes the hydrat ion of maleate to D(+)-mala te  by  trans addition 
to the double bond 2, has been known for some years, but  only as a consti tuent of 
crude kidney homogenate  or of a high-speed supernatant  of such homogenates.  In  
a t tempts  to purify and further  characterize this enzyme it was discovered tha t  
dialysis against o.o5 M sodium phosphate buffer (pH 7.4) led to a complete loss of 
activity.  The act ivi ty  of the dialyzed enzyme could be restored by  the addition of 
protein-free ultrafiltrates of the original solution. The heat stabili ty of the co-factor 
in ultrafiltrate and its behavior on passage through ion exchange columns indicated 
tha t  an inorganic salt was responsible for enzyme reactivation. Subsequently, NaC1 
was found to restore completely the act ivi ty  of dialyzed enzyme. Preliminary survey 
revealed similar activation of maleate hydratase  by  several univalent anions and 
indicated tha t  these anions behaved kinetically as though they were substrates of the 
enzyme in a manner  known only for some enzynle-divalent  cation combinations 3. 
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The presence of an enzyme with such marked anion dependence in the kidney 
(which regulates the ionic environment) suggested that  the function of the enzyme 
might be involved in some manner in the control of renal activity. Consequently a 
detailed study of anionic activation was begun. 

METHODS AND MATERIALS 

Protein was estimated by  the method of GORNALL et al. 4 standardized with 
crystalline bovine albumin; I)-malate, by  the method of BRITTEN 5. Crude maleate 
hydratase was prepared by  homogenizing IOO g of decapsulated rabbit kidneys 
purchased frozen from Pel Freeze Biologicals, Rogers, Ark., in 250 ml of o.15 M KC1 
containing 5"1o-4 M Fe(NH4SO4) ~ and 1 .4 . Io -2M mercaptoethanol, followed by 
centrifugation at 23 ooo × g for 30 rain at o °. The crude enzyme present in the 
supernatant  was partially purified by  (NH4)2SO 4 fractionation and selective heat 
denaturation. The supernatant was treated with 243 g (NH4)~S04, per 1, equilibrated 
0. 5 h at 5 °, and centrifuged at 23 ooo × g for 20 rain at 5 °. The supernatant was 
treated with an additional go g (NH4)2SO 4 per 1, followed by equilibration and centri- 
fugation as before. The supernatant was discarded and the precipitate was taken 
up in a small volume of 0.02 M Tris-acetate buffer (pH 7.4) containing 5" lO-4 M 
Fe(NH4S04)2, and 1 .4 . Io -2M mercaptoethanol. After exhaustive dialysis against 
that  buffer, the protein solution was heated rapidly to 53-54 ° , held at that  temper- 
ature for 3 rain, cooled, and centrifuged at 30 ooo × g for 30 rain at o °. In this manner 
an g-fold increase in specific activity was obtained, as compared with the original 
supernatant.  

Enzyme was assayed by  incubating the protein in I ml of a solution containing 
sodium maleate (3 °/,moles),  Tris-acetate (30/,moles, pH 7.4), NaC1 (200/,moles), 
Fe(NH4SO4) 2 (2.2 #moles), sodium gluconate (2.2/,moles), and mercaptoethanol (73 
/,moles) for 15 min at 38°. The reaction was terminated by the addition of 0.3 ml of 
0.33 M K3Fe(CN)6 in 1/3 M Tris-HC1 (pH 8.6), and the resulting solution assayed for 
o-malate 5. Specific activities were expressed in/ ,moles D-malate formed per rain per 
mg protein. With each determination care was taken to insure that  the activity was 
linear with respect to time and protein content. Ferrous ion and mercaptoethanol 
(a representative reducing agent) were included in all reactions to insure maximum 
enzymatic activity. Ferricyanide (a representative oxidizing agent), was chosen to 
terminate the reaction because it fitted naturally into the subsequent procedure for 
the analysis of D-malate. 

The data has been analyzed in terms of the Michaelis-Menten equation in the 
double reciprocal form of L I N E W E A V E R - B U R K  6 

v / v  = ~cm/Es] + 1 (~) 

Since an equation of this form holds when either maleate or certain anions are con- 
sidered "substrate" the following notation has been adopted for clarity. 

When maleate is treated as substrate (in the presence of various concentrations 
of activating anions) Eqn. I is written as 

Vmal (A-)Iv ~ /~mal (A-) / [Sj  @ I (2) 
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where IS] is [maleate] and A -  is the activating anion. When an anion is treated as 
substrate (at various maleate concentrations) Eqn. I is written as 

VA/V = ft~A/[S ? ~- I (3) 

where A may  be CI-, Br-, etc., and [SI, the concentration of CI-, Br-, etc.,  as the case 
ma y  be. 

V is reserved for the hypothetical  maximal initial velocity as both [maleate] 
and activating [anionl become infinite. 

RESULTS 

The effect of various sodium salts on the activity of maleate hydratase previ- 
ously dialyzed against o.o2 M potassium phosphate buffer (pH 7.4) is shown in Fig. I. 
Under the conditions chosen, the hydration proceeded as a first order reaction with 
the rate determined by the accompanying sodium salt. The salts examined were 
effective in reactivating the enzyme in the order. 

B r -  > C1 > NO~- > I -  > S C N-  > f o r m a t e -  > F -  > a c e t a t e -  = o 

In the absence of added activating anion or in the presence of sodium acetate no 
enzymatic activity could be detected even on prolonged incubation, although the 
enzyme remained potentially active in the assay system. No salt of a nonunivalent 
anion has been found to activate. Moreover, the accompanying cation appears to be 
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Fig. I. Percentage convers ion of  maleate  to D-malate.  Incubat ion  t ime in min.  The incubat ion  
mixture  contained potass ium phosphate  buffer (15. 4 ffmoles, p H  7.4), crude e n z y m e  (2 3 m g  pro-  
tein), sodium maleate  (3o#moles )  and 2oof fmoles  of  either N a F  (O),  sod ium formate  (I~), 
NaSCN (A), NaI  (It), NaNO3 (@), NaC1 (O), or NaB r  (A) in i ml. Incubated  at  3 °0 wi th  al iquots  
removed  for the  es t imat ion  of  D-malate  at the  indicated times.  

Fig. 2. L i n e w e a v e r - B u r k  plots  of  maleate  hydratase  ac t iv i ty  at various  concentrat ions  of  NaC1. 
v i n / ,mo le s  D-mala te  formed per min  per mg protein,  maleate  (IS]) in raM. The incubat ion  mixture  
contained Tr is -acetate  buffer ( ioo #moles ,  p H  7.4), part ia l ly  purified e n z y m e  (0.6 nag protein),  
the  indicated a m o u n t  of  sod ium maleate,  and NaC1 (either 2o0/*moles  (0),  66.7 ffmoles (× ) ,  
4off  moles (O),  or 28.6ffmoles  ([B)) in I ml. Temp. ,  380 . 
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unimportant  in the activation process. The chlorides of Na +, K +, Li+, Rb +, and NH4+ 
are equally effective; the acetates of Na+, K +, and NH4+ all failed to activate. 

CI-, because of its physiological importance, was the anion initially selected 
for more detailed studies. After verifying that  the initial rate of maleate hydration 
was a linear function of protein concentration in the presence of a constant C1- concen- 
tration, the initial rate was studied as a function of substrate concentration at several 
C1- concentrations. Typical results are given in Fig. 2 in the double reciprocal LINE- 
WEAVER BURK 6 plots. The maximum initial velocity, vm (C1) is a function of CI-, 
while the apparent Michaelis-Menten constant, Km (C1-), is not. 

Since variations of Vmal(C1-) and Kmal(C1-) with pH yield information about 
the ionizing groups involved in enzyme-substrate  interaction 7,s these constants were 
determined in the presence of 0.2 M C1- at a pH ranging from 5.5 to 9.0. As can be 
seen in Fig. 3, Vmal(C1-) was found to be essentially independent of pH. Similarly, 
Kraal(C1-) varied little except at values below 6.2 and so in the range where a large 
fraction of maleate (pKa 2 6.6) would be expected to be in the univalent form. In 
separate experiments, it was established that  the enzyme is unstable at higher pH's .  
The loss under the conditions of the reported experiment amounted to 15-2o % at 
pH 9. This instability probably accounts for the tendency of Vmal(C1-) to decline at 
higher pH. 

The lack of a simple dependence of the kinetic parameters on the species of 
activating anion is disclosed in Fig. 4- Initial inspection of these Lineweaver-Burk 
plots for maleate hydratase in the presence of 0.2 M Br-,  CI-, or NOs- might suggest 
that  a common Vma~(A-) was present. However, the differences between the C1- and 
Br -  curves depicted are consistently repeatable and it would appear that  no common 
point exists on the Lineweaver-Burk plots of maleate hydratase in the presence oI 
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Fig. 3. Var ia t ion  of  Vmal (O), and  Kma I (C)), wi th  pH.  Vmaz in /zmoles D-mala te  fo rmed  per  min  
per nlg protein.  Cons t an t s  were de t e rmi ned  by  the  m e t h o d  of  leas t  squa re s  f rom L i n e w e a v e r -  
B u r k  plots  of  ma lea t e  h y d r a t a s e  ac t iv i ty  buffered a t  t he  ind ica ted  pH.  For  all d e t e rmina t i ons  
the  i ncuba t ion  m i x t u r e  con ta ined  NaC1 (2oo/ ,moles) ,  Fe(NH4SO4) 2 (2.2/~moles), sod ium g lucona te  
(2.2/*moles),  m e r c a p t o e t h a n o l  (7.2/zmoles),  T r i s - a c e t a t e  buffer  of  appropr ia t e  p H  (IOO }~moles), 
par t ia l ly  purified e n z y m e  (o.17 m g  pro te in  and  sod i um ma lea t e  (either 3o/zmoles,  i o # m o l e s ,  
6/~moles  or 4.29/2moles) in i ml. I n c u b a t e d  a t  380 for 27 rain. 

Fig. 4. Var ia t ion  in L i n e w e a v e r - B u r k  plots  of  ma lea t e  h y d r a t a s e  ac t iv i ty  in the  presence of  
var ious  anions,  v in /*moles  D-mala te  fo rmed  per  rain per  m g  protein,  IS] in mM. The  incuba t ion  
m i x t u r e  con ta ined  Fe(NH4SO4) ~ (2.2/*moles), sod i um g lucona te  (2.2/*moles), m e r c a p t o e t h a n o l  
(7.2/~moles), T r i s - a c e t a t e  buffer  ( ioo/*moles ,  p H  7.4), par t ia l ly  purified e n z y m e  (o.31 m g  protein,  
t he  ind ica ted  a m o u n t s  of  sod i um ma lea t e  and  200 #mo le s  of  e i ther  NaC1 ( × ), N a B r  (O), or N a N O  3 
((2)) in i ml. I n c u b a t e d  21 min  a t  38°. 
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Fig. 5- Variation in Lineweaver a3urk plots of maleate hydratase activity with various salts as 
"substrate" in the presence of constant nlaleate, v ill ffmoles 3-matate per inin per mg protein, 
[Salt] in M. The incubation mixture contained Fe(NH4SOa) 2 (2.2 ffmoles), sodium gluconate 
(2.2 #moles), mercaptoethanol (7.2 ffmoles), Tris acetate buffer (ioo ffmoles, pH 7.4), partially 
purified enzyme (o.31 mg protein), sodium maleate (3o/~moles, and the indicated amounts of 
either NaCI (×), NaBr (O), or iNaNO 3 (©) in i ml. Incubated 21 rain at 38°. 

Fig. 6. Lineweaver-Burk plots of maleate hydratase activity with C1- treated as "substrate" 
at several concentrations of maleate, v in ,umoles o-malate per vain per mg protein, [CI ] in M 
NaC1. The incubation mixture contained Tris-acetate buffer (iooffmoles, pH 7-4), partially 
purified enzyme (0.6 mg protein) the indicated amount of NaC1 and sodium maleate (either 
4.29#moles (A), 6ffmoles (©), iofmoles (O), or 3o ffmoles ([3)) in I ml incubated at 38°. 

equimolar  concentrat ions of the various activators.  
Many of the expressions relat ing ini t ial  velocity to subst ra te  and  ac t ivator  

concentrat ions derived for cases of enzyme act ivat ion predict tha t  plots of the 
reciprocal of init ial  velocity versus the reciprocal of act ivator  concentrat ion in the 
presence of constant  substrate  concentrat ion will be linear3,8, s. Tha t  this is the case 
for anion activators of maleate hydratase is shown in Fig. 5 which depicts the effect 
of varying concentrat ions of CI-, Br- ,  or NO 3- on v with maleate at constant  concen- 
t rat ion.  In  this figure it should be noted tha t  the NO 3- line crosses the C1- line. This 
indicates tha t  at low concentrat ions the ac t iva t ing  effect of NO 3- will be greater 
than  tha t  of Cl-, while at higher concentrat ions C1- will be the bet ter  activator.  
Thus, the order of effectiveness of anion act ivators  given earlier is concentra t ion 
dependent .  

Since a pH dependence of anion activators has been noted  in m a n y  instances 1°-12 
the relative act ivat ion effect of o.2 M anions (sodium salts of Br- ,  Cl-, NO3-, SCN-, 
formate , F - ,  and acetate-)  was determined over the pH range 5.4-9.0. The order 
observed was the same over the entire pH range, except in the case of SCN- where 
a marked decrease in act ivat ion was noted with decreased pH. This appeared to be 
explained by  an equally marked ins tabi l i ty  of the enzyme at lower pH in the presence 
of tha t  anion. No great ins tabi l i ty  was found in the presence of the other anions. In  
general, the order of anion act ivat ion at a cons tant  concentra t ion was independent  
of pH. 

In  Fig. 5 no common point  in the family of curves is apparent .  However, a 
simple relationship between one of the kinetic parameters  does emerge if only one 
anion is examined. Fig. 6 gives the curves obta ined on plot t ing the reciprocal of the 
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initial velocity against the reciprocal of the C1- concentration at several different 
concentrations of maleate. These curves share a common intercept on the I/[$3 axis, 
giving a pattern similar to that already seen in Fig. 2. 

The constants Kcl -  and VCl- obtained from the treatment of maleate hydratase 
with C1- as "substrate" were examined over the pH range 5.4-9.0 as done earlier for 
the Kmal (C1- )  and vmal(C1-) in Fig. 3- The data, plotted as before, appeared very 
similar to Fig. 3. VCl was constant over the pH range and averaged o.I4ffmole 
D-malate per min per mg protein. KCl- was a constant o.12 M except at pH's below 
6.1, where it increased with decreasing pH. 
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Fig. 7. Influence of  various anions on the  L ineweave r -Burk  plots of  maleate  hydra tase  lactivity 
wi th  NaC1 t r ea ted  as " subs t r a t e" .  v in ffmoles D-malate per  min per  mg protein,  [CI-~ in M NaC1. 
The incubat ion mix ture  conta ined sodium maleate  (3 °/*moles),  Fe(NH4S04) ~ (2.2 ffmoles), Isodium 
gluconate  (2.2 ffmoles), mercap toe thano l  (7.2 ffmoles), part ial ly purified enzyme (o.29 mg protein),  
Tr i s -ace ta te  buffer (ioo/~moles,  p H  7.4), and the  indica ted  amounts  of  NaC1 alone (O),  or with 
ei ther  N a F  (20o ffmoles) (O), sodium aceta te  (200 ffmoles) ( . ) ,  or NaCN (9.5 ffmoles ( × ). 

The similarity of the double reciprocal plot with activators treated as "sub- 
strate" to the classical Lineweaver-Burk plot suggested a study of the interactions 
of univalent anions, with the hope of demonstrating "competitive inhibition" at the 
activator site. Fig. 7 depicts such a study. Here the effects of acetate, F -  and CN- 
are shown on the C1- activated enzyme. The data may be interpreted as evidence that 
CN- is relatively powerful, and acetate, a weak competitive inhibitor of C1- at the 
activating site. The action of F-,  while inhibitory, is not simply competitive but is 
better classified as mixed 13. 

DISCUSSION 

Anion activation has been noted with a number of enzymes 1°-12, but has 
usually been reported in terms of a change in the relationship between activity and 
pH. To our knowledge anion activation has never been found to be an absolute 
requirement. In the case of maleate hydratase reported here, anion activation is 
unique in that the presence of some activator is required for the expression of any 
enzyme activity. This activation has a simple mathematical description valid over 
the entire range of anion concentrations tested which predicts zero activity in the 
absence of activating anions. Moreover the activation is independent of pH within 
the limits of enzyme stability. In its details this example of anion activation appears 
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most closely allied to the enzyme activation noted with some divalent cations and 
discussed theoretically by ALBERTY 7 and DIXON AND WEBB 9. For example, Dixon and 
Webb have considered the case in which an activator acts by combining with the 
enzyme independently of the substrate, and assuming that only the enzyme-acti- 
vator-substrate complex is required for product formation, derived the expression 

k[E]lv = (~ + K,I[S]) (1 + ~,,/[A]) (4) 

where v is the initial velocity; [El, the enzyme concentration; k, the rate constant 
of product formation from active complex; IS], the substrate concentration; [A], the 
activator concentration; Ks a Michaelis constant; and Ka the apparent dissociation 
constant of enzyme with activator. Application of this to the present case leads to 
the identifications 

Kraal (A) - -  Ks, K A -  -- Ka 

Urea 1 (z~--) = k [ E ] / ( I  -~  K a / [ A ] )  , u A -  - -  ~ [ E ] / ( I  Jr- K 8 / [ 5 ] )  

These expressions would predict that Lineweaver-Burk plots at different concen- 
trations of a single activating anion would have a common apparent Michaelis- 
Menten constant but differ in their I/V intercepts as is found in Fig. 2. The symmetry 
of the kinetic expression in S and A demands that Lineweaver-Burk plots with 
activator as "substrate" should have the same general form. In the case of maleate 
hydratase given in Fig. 6, this too is found. Further the true maximal initial velocity, 
V, should be obtained by extrapolation of I/V intercepts either of Fig. 2 to infinite 
activating anion concentration or of Fig. 6 to infinite Inaleate concentration. If  this 
is done the result in each case is approx. 0.28/~mole/min per mg protein. The apparent 
equality is further justification for the application of Eqn. 4 to maleate hydratase- 
anion-maleate interactions. 

The description provided by the expression above is not completely successful, 
however. For example, it predicts that Lineweaver-Burk plots with different acti- 
vators should share a common Kraal(A-),  contrary to what is observed in Fig. 4. 
Similarly the kinetic expression would predict that the Lineweaver-Burk plots with 
different activator anions treated as "substrate" at constant maleate concentration 
should share a common constant VA-, contrary to what is observed in Fig. 5. Some 
complications accounting in part for these discrepancies are disclosed in the behavior 
of various anions on C1- activation given in Fig. 7. The difference in the competitive 
behavior of CN- and F-  implies that anions influence the enzyme in at least two ways. 
Since the kinetic expression given earlier is derived allowing only one enzyme-anion 
interaction, other enzyme anion interactions necessarily would lead to deviations 
from the derived expression. 

The natural function of maleate hydratase in the rabbit kidney is presently 
unknown. However, the demonstration of an absolute requirement for anion acti- 
vation raises interesting physiological possibilities. Such an anion-activated enzyme 
would allow the anionic environment to influence cellular metabolism in a direct 
manner and, conversely, nfight play a role in controlling the distribution of anion in 
cellular compartments. 
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