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SUMMARY

An alanine dehydrogenase (AID) has been purified from cell-free extracis of ithe
H3yRa strain of Mycobacierium tuberculosis var. hominis. This enzyme catalyzes
the reaction: r-alanine -+ DPN* = pyruvate - NH,;* -- DPNH. Its sensitivity to
certain inhibitors suggests that free sulfhydryl groups are necessary for enzymic
activity. In the reductive amination reaction pyruvate and NH,* are shown to
“each affect the A of the other. A kinctic analysis of the reductive amination reaction
shows that the mechanism of action of AID can be described as a modified THEORELL-
CHaxceE mechanism with substrate inhibition, Attempts to show the intermediation
of spontaneously-formed imino-propionate were unsuccessful. It is proposed that
reductive amination reactions proceed in two steps. The first step is the enzymic
formation of enzyme-bound imino acid. This is followed by the enzymic reduction
of the imino acid by DPNH to the amino acid.

INTRODUCTION

It has often been proposed that the biosynthesis of a-amino acids oceurs through the
reductiVe amination of a-keto acids (reaction 1). This reaction

RCOCOO- + NH+ + DPNH = RCH{NH,)CQOO- + DPN* + H,0 ()

is catalyzed by the amino acid dehydrogenases. An example of this class of dehydro-
genases is the alanine dehydrogenase (AlD) which catalyzes the reductive amination
of pyruvate by DPNH to form alanine. Up to now the LIPN-s »ecific glutamic dehydro-
genase! was the only member of this class of enzymes that had been purified and
studied. ®
The reductive aminaticn of pyruvate has been demonstrated in an unequivocal
fashion in only two reports. WiaME anp PIERARD? obtained a soluble alanine de-
hydrogenase from cell-free extracts of Bacillus subtilis. The reaction was shown to

Abbreviations: AID (alanine dehvdrogenase) DPN and DPNH {oxidized and reduced forms
of diphosphopyridine nucleotide), tris {tris(hydroxymethyljaminomethane), diol (z,3-propanedial),
TPX and TPNH (oxidized and reduced forms of triphosphopvridine nucleotide).
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be freely reversible, FAIRHURST ef 2%, also using a strain of B. subtilis, showed that
washed whole-cell suspensions of this organism catalyze the reductive amination of
pyruvate to piL-alanine. In a later report SHAH of ald demonstrated that only the
1-amino acids were formed by the reductive amination of a-ketoisovaleric and a-
ketoisocaproic acids. They proposed that the formation of pD-alanine in their system
was due to the presence of a DL-alanine racemase.

KwriTzatan® has shown that, in crude systems, the reductive amination of pyruvate
can result from the following linked system:

pyruvate + CO, = oxalacetate {2)
oxnlacetate + NHg == aspartate + H,0 {3)
aspartate -- pyruvate = oxalacctate + alanine . )

which is present in most animal tissues and in bacteria. FAIRHURST ¢f @l.? were able
to rule out the possibility that, in their system, the {formation of alanine was due to
this reaction sequence.

Another system whese overall effect is that of an amino acid dehydrogenase
has been suggested by BravxstrIin® and NismMan?. This linked system consists of an
a~keto zcid-glutamic acid transaminase (reaction 5) and glutamic dehydrogerase
(reaction 6).

RCH{NH,)COO~ 4 g-ketoglutarate == RCOCOO- + glutamate (5)
glutamate 4+ DPXN~ = a-ketoglutarate 4+ DPNH  NH,~ [6)
RCH(NH,)COO0~ + PPN+ = RCOCOO- + DPNH - NIH,- (sum)

The presence of catalytic amounts of either glutamic or a-ketoglutaric acid would
allow this overall reaction, ostensibly due te an “amino acid dehydrogenase’, to
proceed.

These two linked reaction sequences probably account for the results of POLLAK
axy Farkpammw® who veported that homogenates of ovaries of Ascaris lumibriceides
catalyzed the reductive amination of pyruvate to alanine. In their systemn bicarbonate
enhanced the {formation of alanine.

This article describes the isolaiion, purification and some properties of a soluble
AlD from the H3y7Ra stiain of Mycobacterium tuberculosis var. hominis. The AID
of H37Ra was described in a recent commaunication from this laboratory as onc of
several enzyvmes associated with a soluble pyruvic dehydrogenase?. The AlD was
originally thought to be a lactic dehydrogenase since its presence was demonstrated
solely by the reduction of pyruvate by DPNH. Subsequent analysis of this reaction
showed a requirement for NH,+; the enzyme was then recognized as an AlD. A kinetic
analysis of the reaction catalyzed by this <nzyme has enabled us io g un some insight
into the mechanism of reductive amination.

MATERIAL AND METHODS

3PN and DPNH were obtained from Sigma Chemical Company, St. Louis, Missour?
and 1-alaninc from Mann Iaboratories, New York. Li-pyruvaie was prepared by
the method of WENDELY, Protein was determined by the biuret reaction?®.
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Assay .f ALD

AlD is most conveniently assayed by following the reductive amination of pyruvate
by DPNH and NH,. Under the assay conditions described the reaction is about
To times faster in this direction than in the reverse direction.

The assay mixture for the reductive amination reaction contains, in pmoles,
tris—NH, buffer” of pH 8.6 (60), DPNH (0.080), Li-pyruvate (3, bovine serum albumin
(0.0 mg) and AlID (z to 80 ug). The final volume is 1.0 :nl. The reaction is run at z1°,
A recording spectrophotometer®™ is used to measure the rate of DPNH oxidation by
following the change in optical density at 340 mu. The reaction is followed for 2—3 min.
No-substrate blanks are always used. One unit of AlD activity is defined as the amount
of enzyme which catalyzes the oxidation of 1.0 umole of DPNH per min under the
above conditions. Specific activity is defined as nnits per mg of protein,

The assay mixture for the oxidative deamination reaction contains, in pmoles:
diol buffer of pH 9.8 (100), DPN (1), L-alanine (10) and AlD (1o to 2oo ug). The final
volume is 1.0 ml; the reaction is carried out at 21°. Cne unit of AlD activity is defined
as the amount of enzyme which catalyzes the reduction of 1.0 gmolc of DPN per min
under the above conditions.

The molar absorbancy index of DPN!2 is taken as 6.22-10* {/mole/cm.

RESULTS
Purification of ALD

All steps are carried out at 1 to 3°, The preparation of cell-free extracts of H37Ra
has been described!.

First ammonium sulfate step

The crude cell-free extract is fractionated at pH 7.5 with (NH,) ,50,. The fraction
{AS-1} precipitating between the saturation limits of ¢.40 and 0.60 is separated by

centrifugation at 5,000 - g and retained. AS-1 is dissclved in and dialyzed against
0.10 M phosphate buffer of pH 7.0.

Second ammonium sulfale slep

The dialyzed solution of AS-r is fractionated with alkaline /N ),50,***. The
fraction obtained by raising the (NH,) ,50, concentration to 0.32 :aturated is removed
by centrifugation for 40 min at 5,000 :© g and discarded. The {(NH,),50, saturation
of the supernatant is raised to 0.38 by the further addition of alkaline (N ,),50,.
This precipitate (AS-2) is removed by centrifugation for 60 min-at 5,000 »x g and
retained, AS-z is dissolved in and dialyzed against 0.10 W phosphate buffer of pH 7.0.

Gel adsorption and elution

An equal volume of water is added to the dialyzed solution of AS-z and the pH
is reduced to 6.0. Enough calcium phosphate gel is added to this solution to obtain
a gel. protein rat:  of 0.50. The gel is removed by centrifugation and discarded.

" The tris-NH, buffer is 0.30¢ M tris and n.50 M (NH,}),50,, respectively,

** Irocess and Instruments Co., Drooklvn, N.Y., Model RS-3. This instrument was specially
adanted for kinetic measurements.

“** Prepared by the addition of 5 ml of concentrated NHOH to 100 ml of saturated {NH J,50;
at pH 7.5.
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Essentially all the AlD remains in the supernatant. Calcium piiosphate gel is added
in small increments and removed by centrifugation until between 50 and 55 % of
the AS-z protein has been removed. {The gel: protein ratio required for 50 %, adsorp-
tion will depend, among other factors, on the age of the gel. We have found that
relatively fresh gel gives better results in this step.) Two mg of gel are now added
for each mg of protein remaining in solution. The gel is removed by centrifugation
and retained. The AlD is recovered from the gel by elution with several small washes
of 49% (NH4)50, at pH 5.4. The eluates are assayed separately; those conta.mmg
the highest activity are pooled (Gel X1).

Thivd amsonium sulfate step

Finely powdered (NH,;),S0, {0.25g/ml) is slowly added to the Gel EL The pre-
cipitate (AS-3) is permitted to form over a 3 h period and is recovered by centrifuga-
tion for zo min at 20,000 % g.

The results of a typical Iractionation for AID are shown in Table L.

TABLE 1

PURIFICATION OT ALANINE DEHYDROGENASE

Protein {nils

*Fraction no. Falume {ml) . ] . L.
’ Mawi Towtmg e Sl foatess  Feer

Crude extract 500 6.9 8450 IGa 0070 501 I00

4
AS-1 a1 30.4 - 2765 33 ©.13 360 61
AS-2 8.5 30.2 257 3.0 0.44 II3 19
Gel EL I5.4 4.01 61.8 .73 0.749 46 7.8
AS-3 2.0 14.4 28.8 0.34 1.32 38 6.5

* Reductive amination assay.

Characicristics of the assay sysiems

The effects of pyruvate and WNH,* concentrations and of pH on the rate of the
reductive amination reaction are shown in Fig. 1.

The effects of r-alanine and DPN concentrations and of pH on the rate of the
oxidative deamination reaction are shown in Fig. 2,

The rates of both the oxidative and reductive reactions are linear with respect
1o time and to enzyme concentration (Fig. 3).

Formation of pyruvale from L-alanins

The oxidative deamination of L-alanine to form pyruvate in stoichiometric
amounts is shown in Table I1. DPNH formation was determined by the change in
opticul density at 340 mu; pyruvate was measured colorimetrically as thé 2,4-dinitro-
phenylhydrazone!. The dinitrophenylhydrazone of the keto acid formed in the
oxidative reaction was chromatographed on paper using water-saturated =-butanol
as the solvent. A single spot was obtained with an R of 0.36, identical with that of
a control spot of the 2,4-diaitrophenylhydrazone of authentic pyravic acid.

Formation of alunine from pyruvate

The reductive amination reaction was carried out on a 2o-fold seale in order to
References £. 335339
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Fig. 1. Rate of reductive amination of pyvruvate as a
[unction of substrate concentration and pH. (1a) Pyru-
vate concentration curve; 2.8 yg AlL of specific acti-
060! . vity 1.8 per test. (1b) NH,® concentration curve;
. . . 75 4.2 pg AN of specific activity 1.8 per test. (1¢) pH
Alanine + PN ] . curve; 1.z gg Al of specific activity 0.56 per test.
- . s O ——0, 0.08 W phosphate, .20 W NH Y. o« ——— 2,
040 ~408 . 0.01.Y pyvrophosphate o, 2o MW NH,*. @— @ ,0.08 1
tris, o.20 .M NH,;",
. Pyruvate s DENH Fig. 2. Rate of nxidative (lqamination nf. L-alanipc as a
/ function of the concentration of L-alanine (2a) and of
0.20 P T 204 PPN (2b) and of the reaction pH (2¢). Conditions as
o . described in the text: 11,2 pg of AlD of specific activity
L o2 6.7 per test. For the pH curve the following butfers
: - al were used: O-—— O, ¢.00 A tris; = ——3, 0.06 1S
ot - : - diol; & ——@®, 0.06 .1 glycifie.
P 3 4 12 3 9 pig 3 Effectof timeand ofenzymeconcentration onthe
Minutes AlDreaction. Enzy meconcentrations (gegjml) asshown,
Fig. 3.

Rates have een corrected for no-enzyme blanlks.

TABLE II

FORMATION OF PYRUVATE FROM L-ALANINE DY REDUCTIVE AMINATION

dacmibotion fene

. DPNH formed Pyruvate formed
Hxpt. no. Protein (mp) (min} { pentodes) £ rernales)

I 0.055 435 0,460 0.420

2 0.055 30 0. 286 0,323

3 0.055 6o 0.323 0,430

4 G.IIO 30 0.3 30 0.475

3 . 110 (n 0.6a9 0.605

isolate the product. After a 15 min incubation period the enzyme was inactivated by
the addition of 0.5 ml of absolute alcohol, The tube contents were evaporated to
dryness, the residues were extracted twice, each time with o.50 ml of ethanoi. The
alcohol extracts were combined and evaporated to about 0.2 ml. The concentrate was
spotted on paper; ascending chromatography was carried out using two different
solvent systems. Solvent 1 consisted of isopropanol-formic acid-H,O (75:13:12}.
Solvent 2 was methylethyl ketone-propionic acid-H,Q (75:25:30). The amino acid
spots were developed by a ninhydrin spray followed by heating at 110° for 15 min.
A single spot of Ry 0.6z (solvent 1) and Rr 0.22 (solvent 2) appeared in the track of
the spot froin each of the complete reaction tubes. Control tube samples (no-enzyme
eferences p. 538{536.
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or no-substrate) yvielded no ninhydrin-reacting spots, Under these conditions authentic
L-alanine produced spots with Rp values identical with those of the unknown, Co-
chromatography of a complete reaction mixture concentrate and r-alanine in a two-
dimensional ascending svstern (water-saturated phenol followed by solvent 1, above,
in the second dimension) yielded a single ninhydrin-reacting spot.

While the optical activity of the alanine formedq by reductive amination of pyru-
vate has not been determined the substrate specificity (sec below) of the AlD indicates
that the rL-form is produced.

Lguilibrivm of the alanine[pyruvate reaction

The equilibrium constant of the alanine/pyruvate system was determined. Tvpical
results are shown in Fig. 4. The apparent equilibrium constant, K'aq, is defined as
follows:

o [pyruvate TINPNH [NH,
vea = [alanine [DPN*’

At pH 9.8, and making no correction for ionization of reactants or products, K'gq =
5.5 4 1.8-10711,

06
T k- e - - e
oz ) S e e e ez
° s 04
,?-, . e PP S . ] . .
c ol - . 3 - -
a j’ N ] .
r =] - .
' o2 e g
40 80 120 o 20 30 40
Minutes Minutes
Fig. 4. Equilibrium of the oxidative deamin- Fig. 5. Reversal by r-alanine of the reductive

ation reaction. Fach cuvette contained, in amination aof pyruvate. Each cuvette contained,
pmotes, diol buffer of pH 4.8 {100}, L-alanine in ggmoles, tris bufler of pH 8.5 {(Go), NH,* (5),
(2.0} and AlD {o.20 mg of specific activity 6.7). DPNH (0.08) and AlD (o.1r0z mg of specitic
Initial DPX concentrationswere, curve 1 (o.102 activityv 6.7). The final velume was 1.co ml. The
pmoles), curve 2 (0.204 gmoles) and curve 3 cantrolcuvette (curver)contained no pyruvate,
{300 gmoles), respectively. Final volume was  the other cuvettes each contained 0.08 ymoles
1.00 ml. The optical densitvy at 340 mp was of pyruvate. After 20 min 23 pmoles of L-
followed until no further change was observed. alanine were added to cuvette 2,

Reversal of the reductive amination reaction

Fig. 5 shows the reversal by alanine of the reductive amination reaction carried
out at pH 8.5. As expected from the equilibrium constant a large amount of L-alanine
produces but a small reversal.

Specifictty of the reactants

TPN or TPNH cannot repiace DPN or DPNH, respectively, as the AlD coenzyme.
The following a-kete- and a-amino-acids are not substrates for the AlD: oxalacetate,
a-ketoglutarate, L-phenylalanine, f-alanine, pL-u-aminobutyric acid and L-serine,
Dp-alanine is neither a substrate nor aninhibitor. The lack of activity of a-ketoglutarate
in this system rules out BRAUXSTEIN’s® mechanism of “amino acid dehydrogenase’
action.

References p, 538(530.
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Effect of inhibitors on the alanine dehydrogenase

Table I shows the effects of several inhibitors on the reductive amination assay.
The necessity of ~-SH groups for enzymic activity is suggested by the extreme
sensitivity of the enzyme to PCMBA. This 'may also explain the stimulation of
activity noted when the enzyme is treated with EDTA which could remove metals
causing the oxidation of enzyme-bound —S1 groups. When the enzyme is diluted
in 0.0z M tris buffer of pH 7.5 it rapidly loscs activity. When the dilntion is made
at pH %.0 in either o.10 M tris buffer or in 0.02 M tris bufier with albumin (3 mg/ml)
present, the inactivation is not observed. Similarly, glutamic dehydrogenase has been
shown to contain -SH greups!®~!¥ which have been shown to participate in Lhe
biuding of substrates and products!®.

TADLE ITI

EFFECT OF INHIBITORS ON THE ALAXINE DEUYDROGENASE REACTION

Luibitor Grmatermiy et
None 100
Fluoride 20 100
Arsenate 10 100
EIfa 1 r40
PCMBA 0.0t 1)
.01 S8
D.0003 37
z-amino-fluarenc” T vz
z-acetylamino-fluorene * ©,23 72
BEP™” [eRVES 100
f’ropionic acid 1.0 100
Malonic acid 1. 100
——— e ——— e

*The generous giit of Dr. Jases A MiLcer, University of Wisconsin Mediral Schoal.
** Bis-1,3-f-ethylhexyl- 5-methyl- 5-amino-hexahydropyrimidine, the generous gif: of Dr.
HarLyx Hawvorsox, Department of Bactericlogy, University of Wisconsin,

KieELLEY?® reported the inhibitory effect of fluorene carcinogens on both mito-
chondrial and crystalline glutamic dehydrogenase. Two fluorene derivatives inhibit
the alanine dehydrogenase.

Bis-1,3-8-ethylhexyl -5-methyl - 5 -amino-hexahydropyrimidine is a potent in-
hibitor of spore germination?!. The central role of pyruvate in spore germination
suggested that this inhibitor might act in the alanine dehydrogenase reaction. This
hypothesis was not borne out.

IwaTsSURBO ef al.18 have shown that ghutaric acid inhibits glutamic dehydrogenase.
The mono- and dicarboxylic acid analogs of alanine (propionic and malonic acids)
are without effect in the AlD system,

Mechanism of the reductive amination reaction

The mechanism proposed by von EuLER! for the reductive amination of a-keto-
glutaric acid to glutamic acid, as catalyzed by the glutamic dehydrogenase, involves
a two-step reaction. In the first step a-ketoglutaric acid reacts non-enzymically with
NH, to form imino-glutaric acid {ga). This is followed (yb) by the enzymic reduction
of the imino acid to glutamic acid by BPNH.

References p. 53%/539.
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—OOC(CH,),C0C00- 4 NI, = ~O0C(CH,) C{NH)COO- + H,0 (oa)
“OOC(CHG),CINH)COO- 4 DPNH + H* 2 QOC(CH,),CH(NH)COO~ + DPN*  (gb}

No direct evidence for this proposed mechanism has been awvailable?2, When our
investigation of the AlD} indicated the basic similarity of this enzyme to the glutamic
dehydrogenase this mechanism was studied.

According to the mechanism shown in {ga, b) above, the imine acid s the actunal
substrate for the dehydrogenase. The concentration of the imino acid should he a
function of the product of the concentrations of the keto acid and NH, It was
predicted, therefore, that if the product of the concentrations of the reactants is held
constant the rate of DPNH oxidation by a given amount of enzyme will be constant.
‘Experiments, however, {ailed to confirm this relationship. At any given concentration
product the rate of DPNII oxidation feli off as the pyruvate concentration was reduced
and NH,+ concentration increased. This was true for concentration products of 13
to 110 {[pmoles/ml]?). The data showed that the rate of DPNH oxidation at a given
enzyme concentration was a function of both the product and the ratio of the substrate
concentrations. These data are shown in Fig., 6. It was concluded that the simple
mechanism proposed by voN ECLER could not adequately explain this reaction. Any
mechanism proposed for the reductive amination reaction must account for the
complex relationship between the substrates®2,

ALBERTY??, in a recent discussion of coenzyme mecha-

= nisms, based, in part, on the work of THEORELL axp
ol _ : CraNCE¥, described a series of reaction mechanisms ap-
208 - plicable to the overall cnzyme-catalyzed reaction.
.:tf
el 41 A4+ B=C+1D {10}

A D340/ min
o)
o
B
Fam

Q
Q
[

Fig. 6. Rate of DPNH oxidation as a function of both the product
. and the ratio of substrate concentrations. O -, NHV/Pyr =
S0 100 150 200 97 O ——0O, NHHPyr = 196; ¥ ——2, NH7/I"yT = 292.
Pyruvate 'NHg,

The THEORELL-CuaxcLE (T-C) mechanism of coenzyme function, derived from their
investigations of the mechanism of action of the liver alcohol dehydrogenase, may
be represented as
E + A=A
EA +Ba=2EC 4D (1r1)
EC=FE + C

High substrate concentrations may cause inhibition of certain dehydrogenases as
was described, for example, by THEORELL ¢f @l.2®, The basic T-C mechanism was
expanded by Darz1EL?® and ALSERTY® to a form accounting for the substrate in-
hibition

E 4+ A= EA (rz-1)

E4+B=EB (12-2) (12}
EA +B=FC -+ D (12-3)

EC=E - C {12-4)

References p. 538/539.
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The relation between the initial concentration of enzymic sites, (£),, the initial steady
state velocity;, V", and the rate constants, %, is given in equation (13)2?

(ST Lt [I % lfe._!] . [ R 7

v R T Ea Foakgl kg U kykgab Rk u (r3)

The positive subscripts refer to the individual forward reactions and the negative
subseripts indicate the corresponding reverse reactions: ¢ and b are the concentrations,
respectively, of the two substrates. This is the simplest mechunism in which IV is a
function of 4, b, ab, and a/b. Certain relationships can be anticipated from mechanism
(12) and equation (13). First, ¥V will be a function of the concentration of the two
substrates, the product of the concentrations and the ratic of the concontrations.
Second, the K for one substrate is a function of the concentratico 1 of the other sub-
strate. Third, the slope of the LINEWEAVER-BURKT plot for cach subsirate is a linear
function of the reciprocal of the concentration of the other substrate. Fourth, the
y-intercept of the LiNewEAVER-BURK plot is a linvar function of the reciprocal of the
concentration of the other substrate. If cquation (13) is used to predict (£),/V at con-
stant # it is seen that (F),/F will be a function of “1,0 + bj. The linearity of the
Lixeweavir-Burk plot slopes and y-intercepts as a function of 1/6 will be observed
at thosec low concentrations of & which do not show substrate inhibition (6 < 1/8).
As the & term increases and becomes increasingly important in the determination
of [E)4/V then substrate inhibition would be predicted since the 4 term will becorne
significant. In the experiments described below, substrate concentrations were held
below inhibitory levels and, accordingly, linearity for hoth the slope and intercept
plots was obtained,

Daia for fyruvale

¥Fig. 7a shows the effect of pyruvate concentration on ¥V at different NH,*
concentrations, The inhibition of 1™ by high pyruvate concentrations will be discussed
below, LINEWEAVER-BURK plots for these data are shown in Fig. 7b. The relation-
ships between the LINEWEAVER-BURK plot slopes and the y-intercepts as functions

of the reciprocal of NH,* concentration are shown in Fig. 8a,b. The linearity is
apparent,

Data for ammmonia

In Figs. ga,b and r1o0a,b data similar to those above are shown for ammonia at
several pyruvate concentrations. Again the expected relationships are realized. In
all instances the method of least squares was used to obtain the best straight line.

Form of the asmmonia added fo the keto acid

Mechanisms for the reductive amination of pyruvate can be written in such a
way that either NH,+ or NH, can be added to the keto acid to form the imino acid.
At a constant NH,+ concentration the concentration of NH; is a function of pH.
In the pH range of 8.3 to 8.9 only a small amount of NH; wil’ be present in relation
ta the NH _+ concentration. Since the pH optimum of the AlD is not sharp any change
in the reaction velocity at constant enzyme and NH * concentration may be referable
to the change in NH, concentration. Experiments were carried out in which, at pH
8.3, 8.6 and 8.9, the NH + concentrations were varied from 25 to roo pmaoles/ml. The
References p. 53%/539.
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Fig. 8. Effect of NH,*+ on the slopes (a} and
2 4 1 2 3 4 y-intercepts (b} of the LINEWEAVER-BURK
pMoles pyruvatesml 17(Fyravate} plots for pyruvate, Data taken from Fig. 7.

Fig. 7. Effect of NH;~ on the K, value for pyruvate. Each cuvette contained, in gmoles, tris
buffer of pH 3.5 (60}, DPNH (0.08), beel serum albumin (0.9 mg), AlD of specific activity 12
(1.8 ug), and pyruvate as shown. NH,* concentrations, in gemoles, were O O, 160; X g

S50, @ @, 40 and A A . 2o, Final volume was 1.00 ml, LINEWEAVER-BURK plots shown
on the right.
14 ) &0
ol0 et - 100 (=} . b}
T : 13 g 150
oce| .. .. - % iso . @
< < S : . . 12 40 §
g o - a . b4
~ 008} T . . |80 2 3
=) Tt L : s N S 30
s el " = . e
& o4 Jua - . 40 . B
2 S o > 10 . 20
ooz £ a2 ¢ 20 .
; H 2 | 10
50 100 200 005 OI0 0I5 020 ! A ! 2 3
piles NHS /mi 17 [NH3) 17 [Pyruvare]
Fig. 9. Eflect of pyruvate on the A, values for Fig. 10. Effect of pyruvate on the slopes {(a}
NH,". Conditions were the same as in Fig. 7. and y-intercepts (b) of the LINEWEAVER-
Pvruvate concentrations, in gmoles, were O—0O, Burk pleots for NH+. Data taken from Fig. o.
2.0 w—— v 1.2 O—11, oBo; A A, 0.65;

H—®, o.50and & A . 0.40,

NH, concentration at pH 8.g is about four times that at pH 8.3. At each pH tested
the reaction velocity was a function of NH,t concentiration. However, at a constant
NH,* concentration there was little or no change in the reaction velocity as the pH
was varied over the range described. While this lack of change of reaction rate with
pH under these conditions lends support to the idea that NH+ is the actual substrate
in the reductive amination reaction, a final conclusion cannot be reached until the
ionization of the AlD itself can be taken into consideration.

DISCUSSION

The mechanism proposed in (2) above is the simplest mechanism which fits our data.
ALBERTY?® has expanded reaction (12} to encompass more complex mechanisms,
viz. (a) a ternary complex mechanism with substrate inhibition, {b) the T-C mechanism
References p. 538/539.
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with substrate and product inhibition and (c) a ternary complex mechanism with
substrate and product inhibition. In the absence of a more extensive kinetic analysis
of the AlD reaction it is not pessible to specify which of these mechanisms is applicable
to this enzyme. At the present time we will base our interpretation on the simplest
form, that shown in (12). In the event a more complex mechanism is shown for the
AlD fhe basic conclusions drawn here will still be valid.
A mechanism involving substrate inhibition implics that both substrates compete
for the active site of the enzyme. Since we predict that
EA +B=F§C+D ()
it follows that one substrate must bind to the enzyime before the second substrate
can be accepted by EA to form the product The ddta shown in Figs. ga and 7a in-

httle or no inhibition of the rate of reductive ammatlon. At a given NH /" concentra-
tion, however, pyruvate acts as a potent inhibitor of the AlD. We may therefore
designate NH,+ as “A™ and pyruvate as “B” in mechanism (12).
Another mechanism accounting for substrate inhibition should be considered.
It is possible that, rather than competing for the same site on the enzyme surface,
the substrates bind to closely adjacent enzyme sites. In some manner the binding
of pyruvate by AlD on the one site prevents the binding of NH,+ on the adjacent site,
but not vice versa. No evidence as yet exicts relative to this possibility.
A probable mechanism of reductive amination may be written as follows:
E + NH,* = [E — NH,*,
E + CHUOCO0 == [E — CHCOCO0-]
[E — NH,*] -+ CHC0C00 = [E — CHgCINH)COO-] + HpO + H-
{E—L,Hat.(:s.ﬂ)um—, + DPNH 4 H* = [F o CECH{NH)COO-] 4 DPN~
{E — CHOUH(NFGCOO-] = E 4 CH CH(NH,)COO-

This mechanism requires the intermediate formation of imino-propionate which is

- then reduced to alanine by DPNH. Tlowever, as distinguished from the mechznism
proposed by voN EuULER! the imino acid is not formed spontaneously but enzymically.
STRECKER??, from an analysis of the kinetics of the glutamic dehydrogenase reaction,
concluded that there was no cvidence supporting the non-enzymic formation of
imino-glataric acid from a-ketoglutaric acid and NH;*. We cannot yet determine
if one enzyme carries out the formation of the imino-acid and the reduction of the
imino to the amino acid or if two enzymes are involved. Our data so far gives no
evidence of a dissociation of the alanine dehydrogenase into two enzymes. Similarly,
clectrophoretically-pure glutamic dehydrogenase appears to be a single protein
species?- ¥, Tf the reductive amination of pyruvate is, indeed, catalyzed by only
one enzyme then it is reasonable to assume that imino-propionate is an enzyme-bound
intermediate during the reaction.

An alternate mechanism for reductive amination® # involves the formation of
dehydroalanine rather than imino-propionate. The reduction of dehydroalanine
(>>C = C(NH,)-—) would form alanine. We have no evidence bearing on this possi-
bility. Evidence has recently been presented by HonERMaN #f 2.3 and by Fisaer3
that dehydroglutamate is not an intermediate in the reductive amination of a-keto-
glutaratce as catalyzed by crystalline glutamic dehydrogenase. If the analogy may be
References p. 538339,
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drawn beiween glutamic and alanine dehydrogenases then the intermecdiary role of
dehydroalanine may be discounted.

Thus far.in this discussion of the mechanism of reductive amination we have
not dealt with the effect of the DPNH concentration on V. The justification of this
omission is that zero-time teaciion velocities were measured in all experiments.
Accordingly, the concentration of DPNH, for all practical purposes, did not vary
during an experiment and may be taken as a constant. All changes in V" may, therefore,
be attributed directly to the variations in concentrations of pyruvate and/or NH,+.
An expression containing the kinetic constants for the overall three-substrate reaction
will bie extremely complex. The effect on 17 of variations in the DPNH concentration
and the position of DPNH in the reaction mechanism will be the subject of a future
study.

It is implicit in this discussion that we assume a basic similarity of mechanism
of action between the glutamic and alanine dehydrogenases. A kinetic analysis of
the glutamic dehydrogenase similar to that described above for the AlD has not yet
been carried out. StrECKER, however, has reported that, in the glutamic dehydro-
genase reaction, one substrate has an efiect on the K of the other substrate?®. SINGER
AND KEARNEY® have drawn attention to the large discrepancies between the reported
A values for the substrates of glutamic dehydrogenase. Since similar observations
were made showing the effect of one substrate on the kinetic constants of the other
substrate in the AlD reaction it appears reasonable to assume that a kinetic analysis
of the glutamic dehydrogenase reaction wilt yield data similar to those obtained
from the AlD reaction.
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SUMMARY

The breakdown of adenosine and inosine niucleotides and nucleosides have been studied
in articular and epiphyseal cartilage, epiphvseal and metaphyseal cancellous bone,
diaphyseal compact bone and periosteum. Dephosphorylating, deaminating. sininating
and adenylate-kinasc activitics have been demonstrated.

INTRODUCTION

Much attention has recent.v been given to the role of ATP in bone formation. The
enzyme mechanism responsible for this phenomenon, however, is not clear. Suggested

Abbreviations: ATP, adenosinetriphosphate; ADDP, adenosinediphosphate; AMP, muscle
adenylic acid; AS, adenosine: Ad, adenine; 1'TP, inosinec-iphosphate; 1DP, tnosinediphasphate;
IMP, inosinemonophosphate; [S, inosine.
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