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Summary 

Tris buffer was observed to produce an apparent inhibition of the homoser- 
ine dehydrogenase (EC 1.1.1.3)~catalyzed reduction of aspartic fi-semialdehyde 
and an apparent inhibition of the glyceraldehyde phosphate dehydrogenase 
(EC 1.2.1.9)-catalyzed oxidation of glyceraldehyde 3-phosphate. In each case, 
the apparent inhibition was found to be due to a lowering of the substrate con- 
centration as a result of a reversible reaction between the free base form of 
Tris and the substrate, an aldehyde. The product  of the reaction was tentative- 
ly identified as an imine on the basis of its spectral properties. The inhibition of 
these two enzymatic reactions by Tris was employed to investigate the kinetics 
of  the reaction of Tris with their substrates. Assuming that  these aldehydes 
exist entirely as the free aldehyde in aqueous solution, equilibrium constants of 
369 +- 12 M-'  and 68 + 1.5 M -1 were determined at 25°C for the reaction of 
the free base form of Tris with glyceraldehyde 3-phosphate and aspartic fi-semi- 
aldehyde, respectively. Correcting for the existence of the hydrated form of 
glyceraldehyde 3-phosphate in aqueous solution, an equilibrium constant of 
1.1 • 104 M -1 was obtained for the reaction of this aldehyde with the free base 
form of  Tris. Forward and reverse direction rate constants for the reaction of 
Tris with glyceraldehyde 3-phosphate were determined at pH 7.45 and pH 8.5, 
and both were found to be pH<lependent. 

Introduct ion 

In 1961 Mahler discussed a number of  ways in which Tris and other amine 
buffers might participate in or interfere with enzyme-catalyzed reactions [1]. 
Among the modes of participation considered were: (a) Tris as a possible sub- 
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strafe for the enzyme, (b) compound formation between Tris and substrates 
containing carbonyl groups, (c) chelate formation between Tris and metal ions, 
(d) Tris-catalyzed chemical transformations of  the substrate, and (e) interac- 
tions of  Tris with the enzyme or coenzyme. We have recently encountered two 
examples of  apparent inhibition of enzymatic reactions by Tris which appear to 
be solely the result of  compound formation between Tris and the carbonyl- 
containing substrates. 

One of  the reactions catalyzed by the aspartokinase I-homoserine dehydroge- 
nase I (EC 1.1.1.3) complex of  Escherichi coli K 12 can be represented by 
Eqn. 1. 

aspartic ~-semialdehyde + NADPH + H ÷ ~  homoserine + NADP ÷ (1) 

We have previously reported the results of kinetic studies of this reaction in 
the reverse direction in the presence of  Tris buffer [2,3]. Tris buffer has also 
been used in active enzyme-centrifugation studies employing the forward reac- 
tion assay [4,5].  In this communicat ion we report  the results of our investiga- 
tion of  the effects of  Tris on the enzymatic catalysis of  the forward reaction as 
represented by Eqn. 1. In addition, we report  the results of  our investigation of  
the effects of  Tris on the glyceraldehyde-3-phosphate dehydrogenase catalysis 
of  the reaction represented by Eqn. 2. 

glyceraldehyde 3-phosphate + NAD ÷ 

+ H20 ~ 3-phosphoglycerate + NADH + H ÷ (2) 
Arsenate 

Glyceraldehyde 3-phosphate dehydrogenase (EC 1.2.1.9) was selected for 
s tudy because the analysis of  the data is simplified somewhat  by the irreversi- 
bility of  the reaction in the presence of arsenate. Evidence for imine formation 
between the aldehyde substrates and Tris as well as the equilibrium constants 
and rate constants for the reaction of  these aldehydes with Tris are presented 
herein. 

Experimental Procedure 

Materials 
Tris base and Tris • HC1 were obtained from Schwartz-Mann and NAD ÷, 

NADPH, dithiothreitol,  rabbit  muscle glyceraldehyde-3-phosphate dehydroge- 
nase and the barium salt of  DL-glyceraldehyde-3-phosphate diethylacetal were 
obtained from Sigma. The DL-glyceraldehyde 3-phosphate was prepared from 
the diethylacetal barium salt by t reatment  with Dowex-50 Hydrogen Form 
Resin as described by Sigma. Aspartic fl-semialdehyde was prepared by the 
method of  Black and Wright [6] and the aspartokinase I-homoserine dehydro- 
genase I complex was isolated and purified from E. coli K12 (k) as previously 
described [2,7].  

E n z y m e  assays 
All assays were carried out  in cuvettes with a 1-cm light path employing reac- 

tion mixtures with a final volume of  3 ml. The initial velocities of  the enzyme- 
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catalyzed reactions were measured by following the appearance of NADH or 
the disappearance of NADPH spectrophotometrically at 340 nm with a Gilford 
spectrophotometer equipped with a Sargent SRL recorder and a cell compart- 
ment thermostatically maintained at 25 ° C. All reaction mixtures were allowed 
to equilibrate for at least 10 min in the thermostatically temperature-controlled 
cell compartment before the reaction was initiated by the addition of enzyme 
or substrate. Experiments were carried out in duplicate, and the average per- 
cent deviation of the individual velocity determinations from the mean was less 
than 2.5%. The pH of each reaction mixture was measured with a Radiometer 
pH Meter 26. The forward reaction (aspartic fi-semialdehyde -~ homoserine) 
assay mixture for homoserine dehydrogenase contained 0.25 M potassium 
phosphate, pH 7.6, 0.11 mM NADPH, 23.9 pM L-aspartate fi-semialdehyde, and 
either 0, 33 mM, 67 mM, or 133 mM Tris, pH 7.6. The assay mixture for 
glyceraldehyde-3-phosphate dehydrogenase contained 26 mM sodium arsenate, 
3.3 mM dithiothreitol, 0.25 mM NAD ÷, 53 pM D-glyceraldehyde 3-phosphate, 
and either 13 mM sodium pyrophosphate buffer, pH 8.5, or 9 mM sodium 
pyrophosphate/26.7 mM Tris buffer, pH 8.5, or 6.5 mM sodium pyrophos- 
phate/43.4 mM Tris buffer, pH 8.5, or 86.7 mM Tris buffer, pH 8.5, or 6.5 mM 
sodium pyrophosphate/43.3 mM Tris buffer, pH 7.45, or 3 mM sodium pyro- 
phosphate/66.7 mM Tris buffer, pH 7.45, or 86.7 mM Tris buffer, pH 7.45. 

Kinetic procedure and analysis 
The reaction of an aldehyde with a primary amine may be represented by 

Eqn. 3 [8]. 

kl 
S + T ~  C~: ~ I + H 2 0  (3) 

k - 1  k- 2 

Where S, T, O, and I represent the aldehyde, amine, carbinolamine, and imine, 
respectively. Eqn. 3 simplifies to Eqn. 4 if, under the conditions employed, the 
concentration of C is negligible compared to IS], [T], and [I]. 

S + W ~ - I  (4) 
kr 

In the presence of a large excess of the amine, [T] >> [S], the reaction of 
Eqn. 4 in the forward direction is pseudo-first-order, i.e., vf = k} [S] where k} = 
kf [T]. Thus, under pseudo-first-order conditions, the rate is described by 
Eqn. 5. 

/ [ s ] 0 -  [s]o 1 
n [ [ s ] t - I S l e / =  (k', + kr)t = kobst (5) 

where [S]0 , [S]t , and [S]e represent the concentration of the aldehyde initial- 
ly, at time t, and at equilibrium, respectively [9]. The equilibrium constant for 
the reaction is given in Eqn. 6. 

[I]e [S]0-- [S]e Ka, p 
K -  [S]e[T]e = [S]e[T]~ - [T]e (6) 

where Kapp = ([S]o -- [S]e)/[S]~ = k~/kr and [T]¢ is the equilibrium concentra- 
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tion of  the amine species, i.e. protonated or free base, involved in the equilib- 
rium. 

An equation similar in form to Eqn. 5 would also describe the rate of the re- 
action represented by Eqn. 3 if the rate of formation of  the carbinolamine were 
rate-limiting and the carbinolamine and imine were in rapid equilibrium. How- 
ever, in this case, kr would be k_l/(K + 1) where K = kJk_2. 

In the present studies, [S]0, [S]t ,  and [S]e were determined from initial 
velocity measurements in enzymatic assays employing the Michaelis-Menten 
equation, [S] = v K m / ( V - - v ) .  Thus, 

V0 Ve " V0 Ve 

where v 0 represents the initial velocity measured in the absence of the amine, 
Tris, or in the presence of Tris wi thout  preincubation of the Tris and aldehyde 
together,  vt represents the initial velocity measured after preincubation of a 
solution of the aldehyde and Tris in the absence of  enzyme for the specified 
time t, Ve represents the initial velocity obtained after preincubation of  a solu- 
tion of  the aldehyde and Tris for approximately 10 half-lives in the absence of 
enzyme,  and V represents the maximum velocity for the enzyme-catalyzed re- 
action. The values of  Kra and V for each enzyme and at each experimental con- 
dition employed were determined in independent  experiments. The aldehyde 
concentrations to be determined were always less than the Km of the enzyme 
used in their measurement.  Linear regression analyses and analyses by the 
method  of Wilkinson [10] were performed on a Hewlett-Packard 9100A cal- 
culator. 

Difference spectra 
The difference spectra were obtained between 350 and 210 nm in a Cary 

118 spec t rophotometer  with the range set at 0--0.02 absorbance units full-scale 
and the scanning speed set at 0.5 nm/s employing spli t-compartment cells with 
a total  light path of  0.88 cm. The DL-glyceraldehyde 3-phosphate was prepared 
as described in Materials and then treated with acid-washed Norite and filtered 
through a Millipore filter to remove ultraviolet-absorbing contaminants result- 
ing from the Dowex-50 treatment.  The final concentrat ion of  D-glyceraldehyde 
3-phosphate was determined enzymatically using glyceraldehyde phosphate de- 
hydrogenase. The difference spectra were obtained in 0.43 M potassium phos- 
phate buffer,  pH 7.6. The 5.3 mM DL-glyceraldehyde 3-phosphate and 143 mM 
Tris, pH 7.6, were present in separate compartments  in the reference cell and in 
the same compar tment  in the sample cell. 

Results 

Effect  of  Tris on reactions catalyzed by glyceraldehyde-3-phosphate dehydro- 
genase and homoserine dehydrogenase 

The effect  of  Tris on the rate of  the reaction catalyzed by glyceraldehyde- 
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3-phosphate dehydrogenase is depicted in Fig. 1. The reactions were initiated 
by addition of  glyceraldehyde 3-phosphate to the enzyme-containing assay 
mixtures with and wi thout  Tris; consequently,  there was no preincubation of 
the Tris with the aldehyde. The salient features of  Fig. 1 are (a) the initial ve- 
locities measured after the 15-s mixing period are virtually identical in the ab- 
sence and presence of  Tris, (b) the velocity falls off  more rapidly in the early 
time period when Tris is present, and (c) the total amounts of NADH produced 
after 4 h is, within experimental error, independent  of the Tris concentration. 
These data suggest that  Tris competes  with the enzyme for the free aldehyde, 
that  formation of  the Tris-aldehyde complex is not  an extremely rapid reac- 
tion, and that  either the formation of  the Tris-aldehyde complex is a readily 
reversible process or that the Tris-aldehyde complex can serve as a poor  sub- 
strate for the enzyme. In view of the specificity of enzymes, the latter possibili- 
ty would appear unlikely. A similar effect  of  Tris on the homoserine dehydro- 
genase-catalyzed reduction of  aspartic semialdehyde by NADPH was observed. 

Additional support  for a t ime-dependent formation of a Tris-aldehyde com- 
plex via a reversible reaction is presented in Table I. In these experiments, the 
aldehyde and Tris were preincubated together for specified times in the absence 
of  enzyme, after which the free aldehyde concentration remaining was deter- 
mined by enzymatic assay. The data clearly indicate a t ime-dependent  reduc- 
tion of free aldehyde concentration via a reaction which must  be reversible 
since the final amount  of  NADH formed, a measure of  the total potentially free 
aldehyde present, is identical regardless of  the actual free aldehyde present ini- 
tially as determined by the initial velocity measurements. 
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Fig. 1. E f f ec t  of  Tris ( p H  7 .45)  o n  the  reac t ion  c a t a l y z e d  by g l y c e r a l d e h y d e  p h o s p h a t e  d e h y d r o g e n a s e .  
The  solid cu rve  ( ) represents  t h e  t i m e  course  for  f o r m a t i o n  of  N A D H  w h e n  25 ~I of  12.9 m M  DL- 
g l y c e r a l d e h y d e  3 - p h o s p h a t e  is added  to  2 . 975  ml  assay s o l u t i o n  con ta in ing  13 m M  s o d i u m  p y r o p h o s p h a t e  
( pH  7 .45) ,  26 m M  s o d i u m  azsenate ,  3 .3 m M  d i th io th re i to l ,  0 .25  m M  N A D  +, and g l y c e r a l d e h y d e  phos -  
phate  d e h y d r o g e n a s e .  Th e  dashed  curve  ( . . . . . .  ) represents  the t i m e  c o u r s e  for  f o r m a t i o n  o f  N A D H  
w h e n  25 ~l of  12.9 m M  D L - g l y c e z a l d e h y d e  3 -p h osp h ate  is added  to  2 .9 7 5  m l  assay s o l u t i o n  ident ica l  to  
tha t  above  e x c e p t  that  it  con t a in s  86 .7  m M  Tris ( p H  7 .45)  ins tead  of  13 m M  s o d i u m  p y z o p h o s p h a t e .  The  
init ial  15 s is the  m i x i n g  t ime .  
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T A B L E  I 

E F F E C T  OF P R E I N C U B A T I O N  OF G L Y C E R A L D E H Y D E  3 - P H O S P H A T E  W I T H  T R I S  (p H  7 .45)  
A T  25°C  ON T H E  I N I T I A L  V E L O C I T Y  OF T H E  G L Y C E R A L D E H Y D E  P H O S P H A T E  D E H Y D R O G E -  
N A S E - C A T A L Y Z E D  O X I D A T I O N  OF T H E  A L D E H Y D E  

2 .975  m l  so lu t ion  con t a in ing  6 .5  m M  s o d i u m  p y r o p h o s p h a t e  ( p H  7.45) ,  43 .3  m M  Tris ( p H  7 .45) ,  26 m M  
s o d i u m  arsena te ,  3 .3 m M  d i th io th re i to l ,  0 .25  m M  N A D  +, and  1{)6 pM DL-g ly ce r a ld eh y d e  3 -phospha te  was 
p r e i n c u b a t e d  at  25°C in a c uve t t e  for  the  speci f ied  t ime  be fo re  the  e n z y m a t i c  r eac t ion  was in i t ia ted  by 
the add i t i on  of  25 ~zl of  a g lyce ra ldehyde  p h o s p h a t e  d e h y d r o g e n a s e  so lu t ion .  The  final AA:~o was measur -  

ed 4 - - 5  h a f t e r  add i t ion  of  the  e n z y m e .  

P r e incuba t i on  t ime  Init ial  Veloc i ty  Inh ib i t i on  Final  AA 340 
(mill)  (AA 3 4 0 / m i n )  (%) 

0 0 .198  0 0 .331  
2 0 . 154  22 0 .332  
4 0 .127  36 0 .331  

90 0 .058  71 0 .327  

Determination o f  equilibrium and apparent rate constants for the reaction o f  
Tris with glyceraldehyde 3-phosphate and aspartic semialdehyde 

In the presence of a large excess of Tris, the approach of the reaction of Tris 
with glyceraldehyde 3-phosphate to an equilibrium position at pH 7.45 and 8.5 
is consistent with that  of a reversible reaction which is first-order or pseudo- 
first-order in either direction (Fig. 2). Similar plots were obtained when the re- 
action of Tris with aspartate semialdehyde was investigated at pH 7.6 in the 
presence of a large excess of Tris. The values of k~ and kr, the apparent first- 
order rate constants for the formation and hydrolysis of the aldehyde-Tris com- 
plex, were calculated from the relationships k~ + k r = kob s and Kap p = k'f/k r 
(see Eqns. 5 and 6). 
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Fig. 2. Firs t -order  p lo ts  for  the  a p p r o a c h  to  equ i l ib r ium of the r eac t i on  of  g lyce ra ldehyde  3 -phospha te  
w i th  Tris  a t  25°C in the  p resence  of  a large excess  of  Tris. The  va lues  of  [S ]0 ,  [S ] e ,  and  IS]  t were  de ter -  
m i n e d  e n z y m a t i c a l l y  as desc r ibed  in the  t ex t .  A: A t  p H  7 .45 ,  107 #aM DL-g ly ce r a ld eh y d e  3 -phospha t e ,  
and  e i the r  86 .7  m M  Tris (e) ,  66 .7  m M  Tris (~),  or  43 .3  m M  Tris (o).  B: At  p H  8.5,  107 ~M DL-glycera l -  
d e h y d e  3 -phospha t e ,  and  e i ther  86 .7  m M  Tris (e ) ,  43 .3  m M  Tris (a) ,  or 26.7 m M  Tris  (o).  
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In order to calculate the apparent second-order rate constant,  kf, for the re- 
action of  the aldehyde S, with Tris, T, to form product  I (see Eqn. 4), identifi- 
cation of  the amine species, i.e. protonated or free base, involved in the reac- 
tion was essential. This was accomplished by determining the apparent equilib- 
rium constant,  Kapp, for the reaction of  glyceraldehyde 3-phosphate with Tris 
at pH 7.45, 8.3, and 8.5 via Eqn. 6. As can be seen in Fig. 3, a plot  of KappVS. 
the concentration of the free base or unprotonated species of Tris is linear 
(correlation coefficient = 0.978), indicating that it is the free base species of 
Tris involved in the reaction. The free base concentrations were calculated em- 
ploying a PKa of 8.07 for Tris [11].  From the data of Fig. 3, an equilibrium 
constant,  K, of  369 M-'  can be calculated for the reaction of glyceraldehyde 
3-phosphate with Tris. Also plot ted in Fig. 3 are the data for the aspartic semi- 
aldehyde-Tris reaction (correlation coefficient = 0.996), from which an equilib- 
rium constant,  K, of  68 M -1 can be calculated. 

The apparent second-order rate constant,  kf, was obtained graphically by 
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Fig. 3.  Plots  o f  Kap p vs.  the  c o n c e n t r a t i o n  o f  the  free base  f o r m  of  Tris. The  sol id l ine ( ) was  deter-  
m i n e d  f r o m  a l ineaz regress ion analysis  o f  the  data  for  the  reac t ion  o f  Tris w i t h  g l y c e r a l d e h y d e  3 -phos-  
pha te  a t p H  7 . 4 5  ( ~ ) ,  p H  8 .3  (o ) ,  and p H  8 . 5  (o ) .  Corre la t ion  c o e f f i c i e n t  = 0 . 9 7 8 .  The  dashed l ine ( . . . . . .  ) 
was  d e t e r m i n e d  f r o m  a Linear regress ion analysis  o f  the  data  for  the  r e a c t i o n  o f  Tris w i t h  aspartic  semi -  
a l d e h y d e  at  p H  7.6  (D). Corre la t ion  c o e f f i c i e n t  ffi 0 . 9 9 6 .  

k r Fig.  4 .  Plots  o f  the  pseudo- f i rs t -order  rate c o n s t a n t ,  f ,  vs.  the  c o n c e n t r a t i o n  o f  the  free  base  f o r m  o f  Tris. 
The  l ines  w e r e  d e t e r m i n e d  f r o m  l inear regress ion analyses  o f  the  data  for  the reac t ion  o f  Tris w i t h  g lycer-  
a l d e h y d e  3 - p h o s p h a t e  at  p H  7 . 4 5  ( e )  and at p H  6 . 5  ( o ) ,  and for  the  reac t ion  w i t h  aspartic  s e m i a l d e h y d e  
at  p H  7.6  (~ ) .  T he  c o r r e l a c t i o n  c o e f f i c i e n t s  w e r e  0 . 9 9 8 ,  0 . 9 9 6 ,  and 0 . 9 9 6 ,  re spec t ive ly .  
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plotting k~ against the concentration of the free base form of Tris. These plots 
are shown in Fig. 4 and the kf values obtained are summarized in Table II, 
from which it can be seen that  kf displays a significant pH-dependence. The 
values for the apparent first-order rate constant,  kr, calculated from the rela- 
tionship k r = k'f/Kapp, are presented in Fig. 5, fr.om which it can be seen that  
kr does not  show a significant or consistent dependence on the total concen- 
tration of  Tris. The mean values of kr under each set of experimental condi- 
tions are presented in Table II. Comparison of the k r values for the Tris • glycer- 
aldehyde 3-phosphate complex at pH 8.5 and pH 7.45 clearly indicates a sig- 
nificant pH-dependence, with kr being four times greater at the lower pH. 

Spectroscopic evidence for imine formation 
A difference spectrum for glyceraldehyde 3-phosphate vs. glyceraldehyde 

3-phosphate plus Tris at pH 7.6 is presented in Fig. 6. Inspection of this plot 
reveals that  the ultraviolet absorption spectrum of glyceraldehyde 3-phosphate 
is markedly altered by Tris in that  the carbonyl absorbance band of the alde- 
hyde at approx. 285 nm decreases in the presence of Tris and a new absorbance 
band at approx. 243 nm appears. Somewhat similar spectral changes have been 
observed in the formation of furfuraldoxime and other oximes [12]; thus, 
these observed spectral changes would appear to be consistent with the con- 
version of ~ C  = O to ~ C  = N--, or imine formation. Furthermore, the time 
course for the disappearance of the absorbance band at 285 nm or the appear- 
ance of the absorbance band at 243 nm is consistent with the kinetics of the 
inhibition of the glyceraldehyde-3-phosphate dehydrogenase reaction by Tris. 
From the results of the enzyme inhibition studies, a tl/2 of approximately 1.2 
min would be expected for the disappearance of free aldehyde under the ex- 
perimental conditions employed in obtaining the difference spectra. Since 
scan 2 of Fig. 6 was started 1.5 min after mixing the Tris and aldehyde, ap~ 
proximately three half-lives had elapsed before scan 2 reached 285 nm. Scan 3, 
on the other hand, was obtained after approximately 24 half-lives had elapsed. 
Furthermore,  since the rate of appearance of the 243 nm absorbance band ap- 
pears to be comparable to the rate of disappearance of the 285 nm absorbance 
band, there is no evidence in these difference spectra for the transient accumu- 
lation of significant concentrations of a carbinolamine intermediate such as was 
observed in furfuraldoxime formation [12]. 

T A B L E  II  

E Q U I L I B R I U M  A N D  R A T E  C O N S T A N T S  F O R  T H E  R E A C T I O N  O F  A L D E H Y D E S  W I T H  T R I S  A T  

2 5 ° C  

A l d e h y d e  p H  K + S .E.  * k f  ** k r ***  
(M -1 ) (M -1 . r a i n - 1  ) ( m i n  -1 ) 

G l y c e r a l d e h y d e - 3 - P  7 . 4 5  3 6 9  + 12  / 1 7 )  1 8 . 2  0 . 0 5 6  

G l y c e r a l d e h y d e - 3 - P  8 .5  3 6 9  + 1 2  ( 1 7 )  5 .5  0 . 0 1 4  

A s p a r t i c  s e m i a l d e h y d e  7.6  6 8  + 1 .5  ( 8 )  1 2 . 8  0 . 1 9  

* D e t e r m i n e d  f r o m  d a t a  o f  Fig .  3. 

** D e t e r m i n e d  f r o m  d a t a  o f  Fig .  4.  
***  M e a n  o f  t h e  v a l u e s  f o r  k r c a l c u l a t e d  f r o m  t h e  r e l a t i o n s h i p  k r = k ~ / K a p  p.  
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Fig. 5. Plots  o f  the mean  apparent  first-order rate constants ,  hr, vs.  the total  concentra t ion  of  Tris for the 
Tris-g lyccraldehyde-3-Phosphate  react ion  at pH 7 .45  ( e )  and pH 8.5 (o)  and for the Tris asp&rtate semi-  
a ldehyde  react ion at pH 7.6 (A). 
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Fig. 6 .  Di f ference  spectra for g lyceraldehyde  3-phosphate  vs. g lyceraldehyde  3-phosphate  plus Tris. 
Scan 1 : 6 . 2  mM DL-glycaraldehyde 3-phosphate  in 0 .5  M potass ium phosphate  buffer  (pH 7.6)  vs.  6 .2  
mM DL-glycera ldehyde  3-phosphate  in 0 .5  M potass ium phosphate  buffer  (pH 7.6) .  Scan 2 : 5 . 3  mM DL- 
g lyceraldehyde  3-phosphate  in 0 .43  M potass ium phosphate  buffer  (pH 7.6)  vs. 5.3 mM DL-glyceralde- 
hyde  3-Phosphate  in 0 .43  M potass ium p h o s p h a t e / 1 4 3  mM Tris buffer  (pH 7.6) .  Scan init iated 1.5 min  
after mix ing  the a ldehyde  and Tris; scanning speed = 0 .5  n m / s .  Scan 3: Repeat  o f  scan 2, 27 .2  rain after 
mix ing  the a ldehyde  and Tris.  Scan 4: air vs.  air. 

Discussion 

The results of  this investigation indicate that the apparent inhibition of  
glyceraldehyde-3-phosphate dehydrogenase and homoserine dehydrogenase 
produced by Tris is the direct result of  the lowering of  the free substrate con- 
centration due to a readily reversible reaction between Tris and the aldehyde 
substrates of  the enzymes. The spectral properties of the final product of  the 
reaction between Tris and glyceraldehyde 3-phosphate are consistent with 
those of an imine. The observation that the appearance of the 243 nm absor- 
bance band, tentatively assigned t o ~ C  = N--, closely parallels the disappear- 
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ance of  the carbonyl absorption band at 285 nm suggests that  dehydrat ion of 
the carbinolamine to form the imine is not  rate-limiting. 

The kinetic analysis performed in this s tudy employed the simplifying as- 
sumption that the aldehyde exists exclusively as the free aldehyde in aqueous 
solution. Trentham, McMurray and Pogson [13] have demonstrated that 
glyceraldehyde 3-phosphate in aqueous solution exists in equilibrium with its 
hydrated form, a geminal diol, and that the free aldehyde is the active chemi- 
cal state of  D-glyceraldehyde 3-phosphate in its reaction with glyceraldehyde- 
3-phosphate dehydrogenase. 

CH(OH)2 CHO 

CHOH k÷l CHOH + H20. 
I k_l I 
CH2OPO]- CH2OPO]- 

Furthermore,  they have reported that the molar ratio of the geminal diol to 
the free aldehyde is 29 : 1 at 20°C. If the dehydrat ion of  the geminal diol to 
form free aldehyde is rapid compared to the rate of  reaction of Tris with the 
free aldehyde, the expression for Kap p for the reaction of the aldehyde with 
Tris is 

(KH + 1)([S]0 -- IS]e) 
KaoP = [S]e 

where KH = [aldehyde hydra te] / [a ldehyde] .  
The rate of  the reaction of  Tris with the aldehyde is described by 

I ) l n \ [ s ] t - - [ S ] e  = \ K H + l + k r  t=kobst 

Hence, the values of  Kapp,  K, k~ and k f  reported in Table II and Figs. 3 and 4 
for the reaction of  glyceraldehyde 3-phosphate with Tris can be corrected for 
the existence of  the equilibrium between the aldehyde and its hydrate  by mul- 
tiplying each of these constants by the factor (KH + 1). The value of kr is not  
altered by the existence of the equilibrium between the aldehyde and its hy- 
drate. Employing KH = 29, the value reported at 20°C [13],  the corrected val- 
ues for K and kf for the glyceraldehyde 3-phosphate reaction with Tris would 
be K = 1.1 • 104 M -1, kf = 546 M -1 • min -~ at pH 7.45 and kf = 165 M -~ • min -1 
at pH 8.5. From the corrected k~ values, the value of k+~ = 8.7 • 10 -2 • sec -1 
reported for the conversion of the aldehyde hydrate to free aldehyde at 20°C 
[13] ,  and the equilibrium concentrations of  the aldehyde and aldehyde hy- 
drate, it can be calculated that  t h e  rate of conversion of  the hydrate  to free 
aldehyde was at least 15--56 times greater than the rate of reaction of the free 
aldehyde with Tris in these experiments. Thus, the assumption that the dehy- 
dration of  the aldehyde hydrate is rapid relative to the rate of the reaction of 
Tris with the free aldehyde appears valid. A similar correction for the values 
reported in Table II for the reaction of  Tris with aspartate semialdehyde cannot  
be made because the extent  of  hydrat ion of  this aldehyde in aqueous solution 
is not  known. 

Segal and Boyer  [14] have reported that  DL-glyceraldehyde 3-phosphate and 
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DL-glyceraldehyde have half-lives of  10--20 min in 0.01 M Tris, pH 8.4. This 
half-life range observed by Segal and Boyer is entirely consistent with our re- 
sults since we would calculate from our kinetic data a half-life of approximate- 
ly 13 min for glyceraldehyde 3-phosphate in 0.01 M Tris at pH 8.5. 

The assay procedure recommended by Sigma Chemical Co. for the determi- 
nation of  glyceraldehyde 3-phosphate concentrations employs glyceraldehyde- 
3-phosphate dehydrogenase, arsenate, and 0.1 M Tris, pH 8.5. In spite of the re- 
action of  Tris with aldehydes, this assay procedure gives valid results because 
the reaction between Tris and the aldehyde is readily reversible while the en- 
zyme-catalyzed reaction is irreversible in the presence of arsenate. Thus, the 
only effect  of Tris in this particular assay is to increase the length of time re- 
quired for the enzyme-catalyzed reaction to reach completion. 

Tris buffers have also been employed in both the forward and reverse reac- 
tion assays of homoserine dehydrogenase activity as represented by Eqn. 1 
[2- -5] .  The position of  equilibrium of the reaction as written in Eqn. 1 lies far 
to the right [15],  i.e. 

K = [homoserine] [NADP ÷] = 1.3 • 1011M -1. 
[aspartate semialdehyde] [NADPH] [H ÷ ] 

Thus, in initial velocity studies in the reverse reaction assay, Tris buffer is an 
excellent buffer to employ since it combines with the aldehyde product  form- 
ed, thereby serving as an aldehyde trap and delaying the onset  of  the forward 
reaction. On the other  hand, in the forward reaction assay, Tris buffer, particu- 
larly if preincubated with the aldehyde substrate, will lead to erroneous Km val- 
ues for the aldehyde as well as reduce the length of time during which appear- 
ance of product  is approximately linear with time. In the forward reaction 
active enzyme-centrifugation studies of homoserine dehydrogenase carried out  
in the presence of  Tris buffer [4,5],  the Tris and aspartic semialdehyde were, 
in essence, preincubated together before contacting the enzyme. Calculations 
based on an equilibrium constant  of  68 M -1 (Table II) indicate that  the con- 
centration of  free aspartic semialdehyde present in these active enzyme-centri- 
fugation studies would have been reduced by approximately 40% due to the 
reaction with Tris. This reduc t ion  should have no effect  on the results of these 
studies provided the concentration of  free aldehyde substrate remained saturat- 
ing at all times. In fact, the presence of  the product  of the Tris-aldehyde reac- 
tion could prove advantageous in such experiments by acting as a buffer against 
changes in the free aldehyde concentration due to utilization by the enzyme. 

Thus, although the use of  Tris and other amine buffers can lead to complica- 
tions when used in enzymatic assays employing carbonyl containing substrates, 
their use can also be advantageous, particularly if the equilibrium and rate con- 
sta.~ts for their reaction with the carbonyl compounds  of interest are known. 
Not  only can they serve as a trap for products  containing carbonyl groups, but  
also they can serve as a buffer of free carbonyl group concentration in those 
circumstances when it is desirable to have a high concentration of  potentially 
free carbonyl groups while maintaining a lower and relatively constant  concen- 
tration of  free carbonyl groups. 
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