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Relation of Structure to Activity of Pyridoxal Analogs as
Substrates for Pyridoxamine Pyruvate Transaminase”

June E. Ayling and Esmond E. Snell

ABSTRACT: To define the role of individual functional
groups of pyridoxal in enzymatic transamination, the
substrate specificity of pyridoxamine pyruvate trans-
aminase, which catalyzes reaction 1, has been examined
by kinetic methods. Neither the 2-methyl group nor the

pyridoxamine 4
a

pyruvate — pyridoxal 4 L-alanine (1)
b

5-hydroxymethyl group of pyridoxal plays a role in the
transamination reaction per se, since 2-norpyridoxal,
w-methylpyridoxal, 5-deoxypyridoxal, and 3-hydroxy-
pyridine-4-aldehyde replace pyridoxal in reaction 1b
and undergo transamination at a similar rate. The cor-
responding amines show similar activity in reaction la.
The substituent at position 2 of the analogs strongly
affects binding to the enzyme. The dissociation con-
stants (and K, values) for norpyridoxal, w-methylpyri-
doxal, and 3-hydroxypyridine-4-aldehyde are substan-
tially higher than those for pyridoxal or 5-deoxypyri-
doxal. Removal of the 5 substituent affects binding to a
lesser extent. The affinity of norpyridoxal and 3-hy-
droxypyridine-4-aldehyde for the transaminase are of
similar magnitude. Phosphorylation at the 5’ position to
yield pyridoxal 5’-phosphate or pyridoxamine 5’-phos-
phate greatly decreases the affinity for the enzyme. With-
in the limits of variation studied here, alterations in the
2 substituent of the pyridine substrate did not greatly
affect binding of the second substrate, alanine or pyru-
vate; such binding was greatly reduced by phosphoryla-
tion or removal of the 5-hydroxymethyl group. but not
by its conversion into a methyl group. O-Methylpyri-
doxal, 3-deoxypyridoxal, and pyridine-4-aldehyde were

Reaction 1, catalyzed by pyridoxamine pyruvate
transaminase, also proceeds nonenzymatically at a very
much slower rate (Snell, 1945) which can be accelerated
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neither substrates nor competitive inhibitors of pyridox-
amine pyruvate transaminase. A phenolic group in the 3
position is thus required for efficient binding. The Schiff’s
base formed nonenzymatically between alanine and pyr-
idine-4-aldehyde inhibits reaction 1 but does not
undergo transamination, indicating that a 3-phenolic
group also is essential for the enzymatic transamination
reaction. N-Methylpyridoxal and 4-nitrosalicylaldehyde,
which simulate the reactions of pyridoxal in nonenzy-
matic systems, are neither substrates nor competitive
inhibitors of pyridoxamine pyruvate transaminase. The
minimum structural requirements for enzymatic trans-
amination in this system are met by 3-hydroxypyridine-
4-aldehyde and are exactly the same as those required
for nonenzymatic transamination in aqueous solutions.
These findings indicate that the contributory role of
individual functional groups of pyridoxal to transam-
ination is similar in both enzymatic and nonenzymatic
reactions. Observed differences in compounds that
undergo transamination in the nonenzymatic and en-
zymatic systems appear to result only from structural
requirements imposed by the enzyme for formation of
the enzyme-substrate complex. Comparative values
for the dissociation constant and the rate of formation
of the w-methylpyridoxal-enzyme complex obtained
from kinetic data or by direct spectrophotometric mea-
surement show that the species which absorbs at 430 mu
(presumably a hydrogen-bonded Schiff’s base of the
pyridoxal analog with enzyme) is not an intermediate in
enzymatic transamination. By extension, it is assumed
that the corresponding complexes formed by interaction
of pyridoxal and other analog substrates with enzyme
(Amax 415-430 my) are not true intermediates but are in
rapid equilibrium with the true intermediates.

a
pyridoxamine 4 pyruvate . pyridoxal 4
b

alanine (1)

severalfold by addition of appropriate metal ions. In-
vestigations of the structural specificity of aldehydes
other than pyridoxal for participation in similar ion-
catalyzed, nonenzymatic reactions showed that the
structural features of pyridoxal essential for the reac-
tion are a formyl group adjacent to a phenolic group
and conjugated to the electron-withdrawing heterocy-
clic nitrogen of the pyridine ring (Metzler e al. 1954).
Based on these model studies, a mechanism for trans-
amination and other pyridoxal-catalyzed reactions that
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assigned no catalytic function to substituents at the 2, 5,
or 6 position of pyridoxal was suggested (reviews, Snell,
1958; Braunstein, 1960; Guirard and Snell, 1964).

Now that an enzyme is available that catalyzes reac-
tion 1, the structural features of pyridoxal required for
enzymatic transamination can be determined and com-
pared directly to those for nonenzymatic transamina-
tion. Kinetic studies reported herein show that the struc-
tural requirements for enzymatic transamination are
the same as those for the nonenzymatic reaction; sub-
stituents at the 2 and 5 positions of the pyridine ring
affect the binding of substrates but not the catalytic act
per se. These studies also permit exclusion of certain
spectrophotometrically observable enzyme-substrate
complexes as intermediates in the reaction. Such results
should also apply to transaminases that require pyri-
doxal phosphate as coenzyme since the mechanism of
reaction 1 resembles closely that of a half-reaction cata-
lyzed by such enzymes (Ayling and Snell, 1968).

Experimental Procedures

Substrate Analogs. The synthesis of 2-norpyridoxal
and w-methylpyridoxal (Miihlradt et al., 1967), w-
methylpyridoxamine (Ikawa and Snell, 1954a), and
5-deoxypyridoxal (Mihlradt and Snell, 1967) has been
described elsewhere. 2-Norpyridoxamine and also a
separate sample of 2-norpyridoxal were gifts from Dr.
M. Karpeisky (Florentiev et al., 1967). 5-Deoxypyridox-
amine (Heyl ef al., 1953), 3-hydroxypyridine-4-aldehyde
(Heinert and Martell, 1959), and p-nitrosalicylalde-
hyde (Bavin ef al., 1950) were gifts from Drs. K. Folkers,
A. Martell, and M. Tkawa, respectively. 3-O-Methyl-
pyridoxal and N-methylpyridoxal were gifts from Drs.
A.Pocker and E. H. Fischer. 3-Hydroxy-4-aminomethyl-
pyridine and 3-deoxypyridoxal have not been described
previously and were synthesized as described below.
Other substrate analogs tested were from commercial
sources. Many commercial samples of pyridoxamine
phosphate and pyridoxal phosphate contain small
amounts of free pyridoxamine or pyridoxal and give
misleading results in kinetic studies if used directly.
Chromatographically purified samples (Peterson et al.,
1953) were free from such impurities. A sample of pyri-
dine-4-aldehyde (K & K Laboratories) contained small
amounts of an unidentified impurity which underwent
transamination; pyridine-4-aldehyde hydrate from the
same source was free of this substance.

3-Hydroxy-4-aminomethylpyridine. This compound
was prepared by catalytic reduction of the oxime of 3-
hydroxypyridine-4-aldehyde (¢f. lkawa and Snell,
1954a), and also by enzymatic transamination of 3-hy-
droxypyridine-4-aldehyde with alanine. In the latter
preparation, 1 mmole of the aldehyde, 10 mmoles of
L-alanine, and 1 mg of crystalline pyridoxamine pyru-
vate transaminase in a volume of 10 ml were incubated
with shaking at pH 8.5 and 25°, After 2 hr the reaction
had reached equilibrium and about 9097 of the 3-hy-
droxypyridine-4-aldehyde was converted into 3-hy-
droxy-4-aminomethylpyridine. The product of both syn-
thetic procedures was separated from the reaction mix-
ture by passing over a column of Dowex 50-X8 (200-
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FIGURE 1: Absorption spectrum of 3-hydroxy-4-amino-
methylpyridine (curve 1), 2-norpyridoxamine (curve 2), and
pyridoxamine (curve 3), each at a concentration of 0.1
mum in 1 N HCL.

400 mesh) in the H* form. Undesired products and ex-
cess reactants were eluted with 1 N HCl. 3-Hydroxy-4-
aminomethylpyridine, detected by its spectrum (Amax
287 my) and reaction with ninhydrin, was eluted with
3 N HCI, lyophilized, dissolved in a minimum of hot
95% ethanol, and precipitated by addition of ether. The
products obtained by the two procedures gave identical
kinetic constants when used in place of pyridoxamine as
substrates for pyridoxamine pyruvate transaminase in
reaction la, and had identical melting points (179°) and
other physical properties. Anal. Calcd for CeHsN,O - 2-
HCI: C, 36.6; H, 5.1; N, 14.2. Found: C, 36.9; H, 5.3;
N, 14.1. Other results were Amax in 1 N HCI: 287 mpu
(¢ 6750) and 223 my (shoulder, € 3700); Amax in 1N
NaOH: 299 my (e 5600) and 240 mu (e 9450). The spec-
trum of 3-hydroxy-4-aminomethylpyridine is compared
with that of 2-norpyridoxamine and pyridoxamine in
Figure 1,

3-Deoxypyridoxal and 3-Deoxyisopyridoxal. These
analogs were synthesized by partial oxidation of 2-
methyl-4,5-bis(thydroxymethyl)pyridine, a gift from
Dr. R. G. Jones (Kornfeld and Jones, 1951). The start-
ing material (2 mmoles) in 10 ml of water was stirred
at room temperature with 2 mmoles of MnQ,, prepared
by heating MnCOQ; at 300° for 12 hr. Sulfuric acid (2
mmoles) was added over a period of 1 hr, maintaining
the pH at 4.0. After stirring an additional 2 hr at room
temperature, about 309 oxidation to aldehyde had oc-
curred, and the mixture was filtered. The reaction was
stopped before completion to prevent further oxidation
of the desired monoaldehydes. Aldehydes were moni-
tored by thin-layer chromatography with ethyl acetate
as solvent and 2,4-dinitrophenylhydrazine as the devel-
oping spray. Two major products, designated A (Rr
0.12) and B (R 0.34), were separated from the main re-
action mixture by countercurrent distribution between
chloroform and water. Product A remained in the water
phase, but moved more slowly than the starting mate-
rial, which moved with the water front; product B was
very quickly extracted by chloroform, and remained in
the first few tubes. The ratio of the two products under
the conditions of synthesis is A:B 6:1. On paper elec-
trophoresis at pH 5.3 (pyridine-acetic acid-acetone—
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Substituents Active as
Structure Name n R R Substrate
HC=0 |. Pyridoxal CHs OH CH,0H Yes
RS R Il. w-Methylpyridoxal CHiCH, OH CH,OH Yes
R I N/ ill. Norpyridoxal H OH CH20H Yes
I =iX IV. 5-Deoxypyridoxal CHz OH CHg Yes
HC=0 V. 3-Hydroxy-4-pyr-
"0~ CHOH idine aldehyde H OH H Yes
HaC N VI. Pyridoxal phosphate CHs OH CHOPO3  (Yes)
(]3H3® Vil. 3-Deoxypyridoxal CH3 H CH,OH No
X VIIl. Pyridine-d-aldehyde  H H H No
HC=0 IX. O-Methylpyridoxal CHj OCHgy CH,OH No
HO X. N-Methylpyridoxal (see column 1) No
Xl. 4-Nitrosalicyl-
NO2 aldehyde {see column | No
XI

FIGURE 2: Structure of pyridoxal analogs and their activities as substrates of pyridoxamine pyruvate transaminase. Compounds
I-V are excellent, VI is a very poor substrate, and VII-XI are inactive as substrates.

H,0, 4:2:15:80, 25 V/cm and 50 mA), A migrates 4 cm/
hr and B 5 cm/hr, both toward the negative pole, indicat-
ing that neither compound contains a carboxyl function.
In the phenylhydrazine assay for pyridoxal (Wada and
Snell, 1961), the reaction of phenylhydrazine with B is
complete within 1 hr at room temperature, whereas that
with A is only about 15% complete in this time. The
color yields eventually reached equivalent values, how-
ever, indicating that the products are the two monoalde-
hydes corresponding to the starting material. From the
relative electrophoretic mobilities of the two isomers A
is assumed to be 3-deoxyisopyridoxal (2-methyl-4-hy-
droxymethyl-5-formylpyridine) and B to be 3-deoxy-
pyridoxal. This assignment is derived from a comparison
with pyridine-3-aldehyde (pK = 3.8) and pyridine-4-
aldehyde (pK = 4.77; Nakamoto and Martell, 1959),
where the latter compound would carry the greater
charge at pH 5.3 and migrate at the faster rate. The as-
signment of structure is tentative only, but is not crucial
to this investigation since neither A nor B is a substrate
or inhibitor of pyridoxamine pyruvate transaminase.
The absorption spectrum of A in 1 N HCI (A . 268 mu
(e 6300)) was similar to that of the starting material ; that
of B in 1 N HCI showed An.x 272 mu (e 6250) with a
shoulder at 295 mu (e 2800).

Kinetic Measurements. Initial rates of reaction 2,
where A represents pyridoxamine or its analogs and C
represents pyridoxal or its analogs, were made in both
the forward (f) and reverse (r) reactions. Procedures
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were identical with those described for reaction 1 (Ayl-

f
A + pyruvate __ C + L-alanine 2

r

ing and Snell, 1968), except that since all pyridoxal an-
alogs differed from pyridoxal in having either higher ex-
tinction coefficients, higher Michaelis constants, or both,
initial velocity measurements could be made in cuvets
of 1-cm light path. The rate of formation or utilization
of pyridoxal analog was determined from the absorb-
ance change at 390 my, except for 3-hydroxypyridine-4-
aldehyde. In reaction 2f the rate of formation of the lat-
ter compound was measured at 385 mu, the absorbance
maximum, but in the reverse reaction, 2r, measurements
were made at 440 mu, so that concentrations greater
than K, could be used. The rate of nonenzymatic trans-
amination with the highest concentrations of any un-
phosphorylated substrate was less than 1% of that ob-
served in the enzymatic reaction. The amount of enzyme
used to catalyze the reactions of analog substrates var-
ied, depending on the extinction coefficient of the analog
and its affinity for the enzyme, from 0.5 ug for 5-deoxy-
pyridoxal to 10 ug for w-methylpyridoxal. The specific
activity of the enzyme under standard assay conditions
(Ayling and Snell, 1968) was 25 umoles of pyridoxal
formed/mg of protein per min. Measurements were
made in a Gilford multichannel recording spectropho-
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tometer with the cuvet chamber thermostated at 25°.
All reactions were at pH 8.85 in 0.05 M sodium pyro-
phosphate buffer.

Results

Substrate Specificity of Pyridoxamine Pyruvate Trans-
aminase. The structures and activities as substrates of
the various pyridoxal analogs tested are summarized in
Figure 2. Compounds I-VI were active as substrates in
reaction 2r, as were the corresponding amines in reac-
tion 2f; compounds VII-XI were inactive both as sub-
strates and as inhibitors under the conditions summa-
rized in Table I. Compounds 1-VI, active as substrates,
and also compound VIII were studied further to assess
in greater detail the effect of structure on the capacity
to undergo transamination.

Kinetic Parameters for Substrates of Pyridoxamine
Pyruvate Transaminase. From initial velocity measure-
ments of reaction 2, double-reciprocal plots similar to
those shown in Figure 3A,B for 5-deoxypyridoxal were
obtained for compounds I-V, Figure 2, and also for the
corresponding amines. In each of these plots, all of the
lines intersected at a single point in the second quadrant
(¢f. Ayling and Snell, 1968). In a plot of 1/v vs. 1/[C]
(e.g., Figure 3A,B) this point projected to the abscissa
is numerically equal to the constant — Kj1./Ksja,c OF,
in a plot of 1/v vs. 1/[A], to — Kyy:/Kpyr,a. The ordinate
is intersected at 1/V’, where V' is the apparent maximal
velocity of the reaction. Secondary reciprocal plots of
V' against concentration of the second substrate (e.g.,
Figure 3C,D) showed a linear relationship in each case,
from which values for the true maximum velocity, V,
and the Ky value for each substrate were obtained.!
These results are similar in all respects to those pre-
viously found for pyridoxal and pyridoxamine (Ayling
and Snell, 1968), and have been analyzed in the same
way. The kinetic parameters obtained with each an-
alog active as substrate are summarized in Table II.

Velocity Constants. When pyridoxamine and pyri-
doxal are substrates, reactions 2f and 2r follow the
mechanism shown in (3), where EXY is a rate-determin-
ing ternary complex (Ayling and Snell, 1968). Assuming
that this mechanism also holds for the reactions with

1 Values of Kai, (Table II) are such that less than 10 mM L-
alanine was required for their determination with all pyridoxal
analogs except 3-hydroxypyridine-4-aldehyde. Under these
conditions the double-reciprocal plots were linear in all cases.
Higher concentrations of alanine caused substrate inhibition
of reaction 2r at low pyridoxal concentrations and substrate
activation with 2-norpyridoxal as substrate. Indirect evidence
indicates that these effects result from differential binding of
the free substrates as opposed to the Schiff’s bases between
aldehyde and alanine formed nonenzymatically at high alanine
concentrations. Estimates of the dissociation constants of these
Schiff’s bases (¢f. Metzler, 1957) showed that their concentration
was unimportant under conditions used for determining values
of Ka1. for pyridoxal and norpyridoxal (Table II) but becomes
significant with 3-hydroxypyridine-4-aldehyde. No deviations
from linearity of reciprocal plots occurred with the latter sub-
strate even at high alanine concentrations, indicating that the
binding properties of this substrate were unchanged by Schiff’s
base formation.
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v
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FIGURE 3: Initial velocities of reaction of 5-deoxypyridoxal
with L-alanine in reaction 2r catalyzed by pyridoxamine
pyruvate transminase. (A,B) Double-reciprocal plots at
various levels of substrates. Reaction mixtures contained
substrate as indicated in 0.05 M sodium pyrophosphate
buffer (pH 8.85) and 0.5 ug of enzyme/ml. The reaction was
followed spectrophotometrically at 25° and 390 mu, an
absorption maximum of 5-deoxypyridoxal. (C,D) Secon-
dary plots of apparent maximal velocities (from A,B) as a
function of substrate concentration,

b Fa(+pyr) ks( — Ala)
E+ A~—EA o XY Tioam

ks

E+C (3

analogs of pyridoxal and pyridoxamine, each of the
velocity constantsin (3) can be calculated from the data
of Table I1; their values are summarized in Table III.

Equilibrium Constants of Reaction 2. Equilibrium
constants for reaction 2, calculated from kinetic data of
Table 1I by use of the appropriate Haldane equation for
the mechanism shown in (3), are compared with directly
measured values for each of the substrate pairs, A and
C,in Table IV. Directly measured values are the average
of four measurements in 0.05 M sodium pyrophosphate
buffer (pH 8.85) at 25°, using varying initial concentra-
tions of substrates. The final concentrations of reactants
at equilibrium were determined from the change in ab-
sorbance at 390 mu resulting from change in concentra-
tion of the aldehyde, as described earlier for the reac-
tion with pyridoxal (Ayling and Snell, 1968). A com-
parison of the values determined in this way with the
corresponding values calculated from steady-state ki-
netic data is an indication of the accuracy of the kinetic
data.

Dissociation Constants of Enzyme-Substrate Com-
plexes. Ky, for the complexes formed between enzyme
and the analog substrates, A and C of reaction 2, have
been calculated from kinetic data and are listed in the
last column of Table II. Except for 5-deoxypyridoxal
and 5-deoxypyridoxamine, these values are much higher
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TABLE I: Conditions of Testing Inactive Analogs as Substrates or Inhibitors of Reaction 2r.«

Initial Reactant Concn during Test as

Inhibitor of

Substrate in Reaction 2r Reaction 1be

Compound C Cb (mM) Ala (m) E? (ug/ml) C (mm)
O-Methylpyridoxal <2.5 0.01-0.1 20 2.5
3-Deoxypyridoxal <5.0 0.01 30 5.0
3-Deoxyisopyridoxal <5.0 0.01 30 5.0
Pyridine-4-aldehyde <30 0.10 25 10
N-Methylpyridoxal <10 0.01-0.5 20 10
4-Nitrosalicylaldehyde <5.0 0.01-0.5 1000 1

« All measurements were made in 0.05 M sodium pyrophosphate buffer at pH 8.85 and 25°. The extent of reaction
was determined spectrophotometrically (see text) or, for substrate activity of the first four analogs, by assay for
pyruvate formed with an excess of lactate dehydrogenase and DPNH. The activity of lactate dehydrogenase was not
affected by these compounds. ® E represents pyridoxamine pyruvate transaminase. In column 2, < signifies that con-
centrations up to, but not higher than, that indicated were tested. < These tests were run in the presence of 0.02-0.2
mM pyridoxal, 2-10 mM L-alanine, and 1.0 ug/ml of pyridoxamine pyruvate transaminase.

TABLE 1I: Kinetic Parameters and Dissociation Constants for Substrates A and C in Reaction 2 Catalyzed by Pyridox-
amine Pyruvate Transaminase.=

Reaction 2f: A + pyr - C + L-Ala

Substrate A K, (mMm) K, (mm) Ky pyr (uM?) Ve (sec™?) Kyiss (MM)
Pyridoxamine 0.013 0.35 0.024 12.6 0.07
w-Methylpyridoxamine 0.48 0.40 8.5 18.3 21
5-Deoxypyridoxamine 0.014 0.42 0.082 4.9 0.20
2-Norpyridoxamine 0.16 0.52 5.9 19.7 12
3-Hydroxy-4-aminomethylpyridine 0.35 7.4 45 2.6 6.0

Reaction 2r: C + L-Ala — A + pyr
Substrate C K (mm) Kae (mM)  Kg,a1a (uM?) Ve (sec™) Kiiss (MM)
Pyridoxal 0.012 1.6 0.032 10.5 0.02
w-Methylpyridoxal 1.3 0.58 4.3 5.95 7.5
5-Deoxypyridoxal 0.009 1.9 0.036 7.95 0.019
2-Norpyridoxal 0.59 2.7 59 10.0 2.2
3-Hydroxypyridine-4-aldehyde 0.89 64.5 394 24.0 6.1

« All kinetic constants were evaluated by the graphical procedures shown in Figure 3 for 5-deoxypyridoxal. K, K¢,
Koy, and Ky, are the K., values for these specific substrates in reaction 2; Ka ., and K¢ a1, the corresponding com-
bined constant, and ¥; and ¥, the maximum velocity of reactions 2f and 2r, respectively. K;,, of amines was calculated
from the relationship Kuis = Ka,pye/Kpyr, and of aldehydes from the relationship Ky = Ko, a1./Ka1a. EXxperimental
procedures are described in the text.

than those observed for pyridoxal and pyridoxamine. ciation constants were attempted only with 5-deoxypyri-
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As a consequence, relatively high concentrations of
substrate are required for formation of measurable con-
centrations of the enzyme-substrate complexes, EA
and EC, and since the spectral shifts arising from bind-
ing are relatively small (<40 mg), the high background
absorbance of the unbound substrate interferes with
accurate measurement of the enzyme-substrate com-
plexes. For this reason, direct measurements of disso-
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doxal and w-methylpyridoxal.

5-DeoxypYRIDOXAL. Concentrations of 5-deoxypyri-
doxal between 0.002 and 0.1 mM were incubated with
1.4 mg of pyridoxamine pyruvate transaminase in 1 ml
of 0.05 M sodium pyrophosphate buffer at pH 8.85 and
25°. The increase in absorbance at 430 mgu resulting
from the E-C complex was measured against a blank
containing equivalent concentrations of 5-deoxypyri-
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TABLE 11I: Comparative Velocity Constants for Reaction 2 Catalyzed by Pyridoxamine Pyruvate Transaminase with

Analogs of Pyridoxamine and Pyridoxal.»

Substrate A, C

w-Methyl-PM, 5-Deoxy-PM, Nor-PM,

Velocity Constant PM, PL w-Methyl-PL 5-Deoxy-PL Nor-PL HAMP, HPA
ki (M~ sec™d) 9.5 X 10° 3.8 x 104 3.4 X 10% 1.2 X 10° 7.5 X 10°
ks (sec™1) 66.0 8 X 102 68.0 1.4 X 10° 45.0
ks (M~ 1sec™!) 4.7 X 104 5.3 x 104 2.7 X 10¢ 4.7 X 104 7.1 X 10°
ki (sec™!) 12.5 6.0 9.0 10.0 51.0
ks (sec™l) 44.0 40.0 6.9 42.0 2.66
ke (M~ 'sec™Y) 3 X 10¢ 7.9 X 10* 7.3 X 103 1.9 x 10¢ 3.9 X 102
k7 (sec™) 18.0 34.0 17.0 37.0 165.0
ks (M1 sec™?) 9 X 105 4.5 X 103 8.9 X 10° 1.7 X 104 2.7 X 10¢

« PM = pyridoxamine, PL = pyridoxal, HAMP = 3-hydroxy-4-aminomethylpyridine, HPA = 3-hydroxypyridine-
4-aldehyde. The constants were calculated as described by Ayling and Snell (1968) for pyridoxamine and pyridoxal,

which are included for comparison.

doxal. The method of calculation has been described
previously (Ayling and Snell, 1968). The dissociation
constant determined by this method was 9 um; that from
steady-state kinetics was 19 um (Table V).

The rate of formation (ks) of this complex under these
same conditions was measured in a Gibson-Durrum
stopped-flow apparatus by recording the rate of change
of absorbance at 430 mu as the enzyme-5-deoxypyri-
doxal complex was formed. Concentrations of enzyme
and substrate near 20 uM were used. The data, which fit
a second-order rate equation for a reversible reaction,
were analyzed in the same way described previously for
pyridoxal (Ayling and Snell, 1968). From the value for
ks thus obtained and the directly determined value of
Kiis (=ki/ks), the value for k; was calculated. These
values (Table V) are within experimental error of those
calculated from kinetic measurements, and provide
additional evidence that reaction 2 proceeds by the
mechanism shown in 3.

w-METHYLPYRIDOXAL. Complex formation between
this analog and enzyme was studied because of the ob-
servation (Dempsey and Snell, 1963) that its transami-
nation, unlike that of pyridoxal, proceeded without for-
mation of a yellow enzyme-aldehyde adduct. Further
investigation showed that such an adduct (Apax 430 my)
was formed, but only very slowly. In the stopped-flow
apparatus, with concentrations of 1.3 mM w-methyl-
pyridoxal and 0.0173 mM enzyme, no reaction could be
detected using total sweep times of from 20 msec to 10
sec. However, with a setting of 50 sec/sweep, the reac-
tion recorded in Figure 4A, which covers a total time of
7.5 min, was observed. The dissociation constant of the
complex was determined using conditions of titration
similar to those described for 5-deoxypyridoxal except
that higher concentrations of enzyme (7.5 mg/ml) and
of w-methylpyridoxal (0.1-2.0 mmM) were employed.
After each addition of w-methylpyridoxal the reaction
mixture was incubated for 20 min to ensure that equi-
librium was reached before measuring the absorbance

change at 430 mu. The dissociation constant determined
in this way is 1.3 mm. Using this value for Ky, the data
of Figure 4A, plotted according to a pseudo-first-order
rate equation for a reversible reaction, give a rate of
binding, ks, of 1.53 M~ ! sec1, and a value of k7 (= ksKuiss)
0f 0.002 sec™1. These values, which were quite reproduci-
ble, are not in agreement with the corresponding kinetic
values (Table V), and the rate of formation of this com-
plex is less than 0.001 that necessary to account for the
rate of the over-all transamination reaction. We con-
clude that the 430-mu complex formed with w-methyl-

TABLE 1Iv: Comparison of Equilibrium Constants of
Reaction 2 Calculated from Steady-State Kinetics
with Directly Measured Values.=

Equilibrium Constant

Substrates C and A, Directly
Reaction 2» Kinetic Measured
PL-PM: 1.58  1.21 = 0.05
w-Methyl-PL-w-methyl-PM  1.53 1.26 = 0.05
5-Deoxy-PL~5-deoxy-PM 0.27 0.17 = 0.02
Nor-PL-Nor-PM 1.96 1.96 + 0.05

HPA-HAMP 0.96 0.70 = 0.1

= The kinetic equilibrium constants were calculated
from steady-state kinetic data using the Haldane

equation
_ Vf‘KCvAlﬂ

Ko = =
Vr * KA,pyr

kiksksk: _ [CYlAla]

kok ke ks — [Allpyr]
The procedure for direct measurement of K., is de-
scribed in the text. ® See Table 11 for abbreviations.

¢ Data for pyridoxal and pyridoxamine are taken from
Ayling and Snell (1968).
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TABLE V: Comparison of Dissociation and Rate Constants Calculated from Steady-State Kinetics with Those

Measured Directly.

Substrate Constant From Kinetic Measurements= Measured Directly? A (my)

Pyridoxal ka/ks 2 X 1075 M 1 X 107°m 415
ks 0.9 X 108 M1 sec™? 1.2 X 108 M1 sec™! 415

ke 18 sec™! 12 sec™! 415

5-Deoxypyridoxal kq/ks 1.9 X 1075 M 0.9 X 10%m 430
ks 9 X 105 M Lsec! 7.2 X 10° m~!sec! 430

kq 17 sec™? 6.5sec! 430

w-Methylpyridoxal kalks 7.5 X 1073 m 1.3 X 1073 M 430
6.7 X 1073 m 325

ks 4.5 X 108 M~ tsec? 1.53 M~ *sec™! 430

7.5 X 103 M sec! 325

kq 34 sec™! 0.002 sec! 430

50 sec™! 325

= Data are from Tables II and III. ® See text for description of procedures. ¢ The wavelength designated is that at
which the direct measurements of the indicated constant was made (see text).

pyridoxal is an abortive complex not involved in the
enzymatic reaction,

In addition to the peak at 430 my, the difference spec-
trum of enzyme plus w-methylpyridoxal vs. w-methyl-
pyridoxal shows absorption at 325 mu (Figure 5). The
dissociation constant of this complex, determined as
described earlier for the 430-mu complex, was 6.7 mMm,
in agreement with the value calculated from steady-
state kinetics (Table V). The rate of formation of the
325-mu complex is shown in Figure 4B. To decrease
the background absorbance, the enzyme concentration

11.0F T T T T -

=~
o

% T at 430 my
w
°
/
1

0 10 20 30 40 50

R o
[8,] (o)
T T

% T at 325 my
b
o
T

w
o
T

| | l

! |
0 10 20 30 40 50
Milliseconds

FIGURE 4: Rate of complex formation between w-methyl-
pyridoxal and pyridoxamine pyruvate transaminase as meas-
ured at (A) 430 mu and (B) 325 my in 0.05 M sodium pyro-
phosphate buffer (pH 8.85) at 25°. (A) Initial concentrations
of reactants were 1.3 mM w-methylpyridoxal and 0.017 mm
enzyme. The reaction was recorded by continually retracing
across the oscilloscope screen, the uppermost curve repre-
senting the first sweep. (B) Initial concentrations were 0.2
mMm w-methylpyridoxal and 0.1 mM enzyme. The lower line
is the per cent transmission at the end of reaction,

AYLING AND SNELL

was higher and substrate concentration was lower than
that in the reaction measured at 430 mu. The rate of
binding (ks) calculated from this trace is 7500 M~! sec™!
in reasonable agreement with the value of 4500 M~! sec—?
calculated from steady-state kinetics.

Pyridoxal Phosphate and Pyridoxamine Phosphate.
Titration of enzyme with pyridoxal phosphate results
in very slow formation of a complex, presumably the
hydrogen-bonded Schiff’s base, absorbing maximally
at 430 myu. K. for this complex is 0.7 mMm and its rate
of formation (ks) is about 1 M~! sec~!. At normal con-
centrations of enzyme (up to 60 ug) and L-alanine
(0.01 M), no substrate activity of pyridoxal phosphate
was observed in reaction 2r at concentrations up to 0.5

05

0.4

03

0.2

ABSORBANCE

0.1

300 350 400 450 500
WAVELENGTH, my

FIGURE 5: Absorption spectrum of pyridoxamine pyruvate
transaminase in absence (curve 1) and presence (curve 2)
of w-methylpyridoxal. Curve 1: enzyme (7.5 mg) per milli-
liter of 0.05 M sodium pyrophosphate (pH 8.85). Curve 2:
same as curve 1 plus 0.3 mm w-methylpyridoxal read against
a buffer blank containing 0.3 mM w-methylpyridoxal. The
spectrum was taken 15 min after the addition of w-methyl-
pyridoxal.
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mM. However, when 1 mg of enzyme was used, i.e., a
concentration over 1000 times that used to demonstrate
the reaction with pyridoxal, a reaction occurred at very
high (1 M) alanine concentrations, The rate of the en-
zymatic reaction under these conditions was only about
25 times that of the corresponding nonenzymatic reac-
tion and was of the same order of magnitude as the rate
of complex formation between enzyme and pyridoxal
phosphate.

In previous studies (Dempsey and Snell, 1963), com-
mercially available pyridoxamine phosphate appeared
to be a reasonably good substrate for pyridoxamine
pyruvate transaminase in reaction 2f. This activity ap-
parently resulted chiefly from contamination with free
pyridoxamine. Chromatographically purified pyridox-
amine phosphate shows activity only under extreme con-
ditions similar to those used for pyridoxal phosphate,
i.e., with enzyme at about 1 mg/ml and pyruvate above
0.1 M. Because of the large excess of pyruvate or alanine
used, it was possible to run both the transamination of
pyridoxamine phosphate (by reaction 2f) and of pyri-
doxal phosphate (by reaction 2r) to completion, thus
demonstrating that the very low activities of these com-
pounds as substrates did not result from trace impurities.

Inhibition of Reaction 1b by Pyridine-4-aldehyde. Crys-
talline pyridine-4-aldehyde hydrate is neither a substrate
nor an inhibitor of pyridoxamine pyruvate transami-
nase under the conditions of Table I. However, at sim-
ilar concentrations of alanine and pyridoxal, an anoma-
lous type of inhibition of reaction 1b which depended
on both the alanine and pyridoxal concentrations
occurred when the pyridine-4-aldehyde concentration
was increased to 0.1 M. At alanine concentrations below
2 mM, the inhibition is linear, slight, and noncompeti-
tive with respect to pyridoxal (Figure 6A); the K; value
is 0.04 M. At higher alanine concentrations (>10 mm)
inhibition by high concentrations of pyridine-4-alde-
hyde is progressively greater than that predicted from
the effects of lower concentrations of the inhibitor (Fig-
ure 6B). Under these conditions the concentrations of
alanine and pyridine-4-aldehyde are such that nonen-
zymatic Schiff’s base formation between them becomes
significant. If this base has a higher affinity for the en-
zyme than free pyridine-4-aldehyde, as might be expected
from its similarity to the potent inhibitor, pyridoxylal-
anine (Dempsey and Sneil, 1963), the observed inhibi-
tion pattern would be produced. Similar observations
could not be made with other inactive pyridoxal ana-
logs because of limited availability, limited solubility,
or the presence of high absorbance at 390 mu (absent
in pyridine-4-aldehyde) which precluded accurate spec-
trophotometric determinations of the disappearance of
pyridoxal.

Discussion

Effect of Structure on Rate of Catalysis. Not only are
w-methylpyridoxal, norpyridoxal, 5-deoxypyridoxal,
3-hydroxypyridine-4-aldehyde, and the corresponding
amines all active as substrates for pyridoxamine pyru-
vate transaminase, but the maximum velocity of reac-
tion with each of these substrates is of the same order of

T ]

I3 A
i O.8+ —
0.02mM PL

¢
i
H

0.2mM PL

1/v, {umoles/min mg of enzyme)’

L-Alanine = L-Alanine=

2mM 10mM

A ]
-04  -02 0 .02 04 0 .02 04

PYRIDINE 4-ALDEHYDE HYDRATE, M

FIGURE 6: Inhibition of reaction 1b by high concentrations of
pyridine-4-aldehyde at different concentrations of pyridoxal
and alanine. Reaction mixtures contained 1.3 ug of pyri-
doxamine pyruvate transaminase per ml of 0,05 M sodium
pyrophosphate buffer (pH 8.85) together with pyridoxal
(PL), L-alanine, and inhibitor at the indicated concentrations.

magnitude (Table II). 3-Hydroxypyr dine-4-aldehyde,
which lacks substituents at both the 2 and 5 positions,
undergoes transamination even faster than does pyri-
doxal. It is therefore apparent that the 2 and 5 substit-
uents of the pyridine ring are neither essential for nor
contribute in any major way to the transitions that occur
during the transamination reaction. Since 5-deoxypyri-
doxal and 3-hydroxypyridine-4-aldehyde are active sub-
strates for pyridoxamine pyruvate transaminase, it is
clear that the ability to form a hemiacetal does not con-
tribute to the reactivity of pyridoxal in reaction 1. Such
a contribution would not be expected if, as concluded
elsewhere (Ayling and Snell, 1968), the reaction of pyri-
doxal as substrate is comparable to the action of pyri-
doxal phosphate as coenzyme in other transaminases,
since in the latter case hemiacetal formation is not pos-
sible. Lack of a hydroxymethyl group at position 5 slows
the forward reaction (amire — aldehyde) somewhat,
but not the reverse reaction, thus shifting the equilib-
rium position toward the left (Table II and IV). The
slightly higher maximum velocities observed for reac-
tion 2f when w-methylpyridoxamine or norpyridox-
amine replaces pyridoxamine are not a result of a greater
rate of catalysis but result from an increase in 4, the
rate of dissociation of the corresponding aldehyde from
the enzyme (Table 111).

Effect of Structure on Binding of the Pyridine Sub-
strates A and C. The affinity of pyridoxal or pyridox-
amine analogs for pyridoxamine pyruvate transaminase
is greatly reduced by alterations at position 2 of the pyr-
idine ring. The lack of a methy!l group at this position
(e.g., in 2-norpyridoxamine, 3-hydroxy-4-aminomethyl-
pyridine, and the corresponding aldehydes) or its change
to an ethyl group (in w-methylpyridoxamine and w-
methylpyridoxal) markedly raises the Michaelis and
dissociation constants of these substrates (Table IT). As
seen from the velocity constants (Table III), the change
in K, results from a greatly reduced rate of binding to
the enzyme, since the rate constants, 4, and 4s, are very
small for these substrates. This reduction in rate of bind-
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ing, together with an increase in k» and k7, the rate ot
dissociation of the enzyme—substrate complex, results in
very high dissociation constants for these analogs. The
reduced affinity of these substrates for enzyme is most
probably due to steric rather than to charge effects since,
although the pK, valyes of 2-norpyridoxal and 3-hy-
droxypyridine-4-aldehyde (which reflect chiefly the ion-
ization of the pyridinium nitrogen; Metzler and Snell,
1955) are lower than that of pyridoxal, that of w-methyl-
pyridoxal is not (Table VI). Since either increasing or

TABLE VI: pK Values of Pyridoxal and Its Analogs.

Compound pKi pK;
Pyridoxal 4.15,24.2p 8.8, 8.66,
4,234 8.74
Pyridoxamine 3.3153.54¢ 7.958.21¢
w-Methylpyridoxal- 4.15 8.85
2-Norpyridoxal= 3.9 7.85
5-Deoxypyridoxal® 4.17 8.14
3-Hydroxypyridine-4- 4.05 6.77
aldehydec

Pyridoxal 5’-phosphated  4.14 8.69
O-Methylpyridoxal® 4.75

Pyridine-4-aldehydee 4.77

« Determined in this laboratory as part of a senior
thesis by Miss Mary Yue by the spectrophotometric
procedure of Metzler and Snell (1955).  Metzler and
Snell (1955). < Nakamoto and Martell (1959). ¢ Williams
and Neilands (1954).

decreasing the size of the 2 substituent decreases bind-
ing of the substrate, the binding site of the enzyme ap-
pears to provide a rather specific receptor for a methyl
group at position 2 of the pyridine ring.

The substituent at position 5 of the pyridine ring does
not appear to be involved in the binding of pyridoxal or
pyridoxamine to enzyme. The Michaelis and dissocia-
tion constants of 5-deoxypyridoxal are very similar to
those of pyridoxal; the constants for the corresponding
amines are also alike. Similarly, the binding constants
for 2-norpyridoxal and 2-norpyridoxamine are quite
close in value to those of 3-hydroxypyridine-4-aldehyde
and 3-hydroxy-4-aminomethylpyridine, respectively,
which lack a substituent at position 5. In this respect,
the binding of pyridoxal analogs to pyridoxamine
pyruvate transaminase differs greatly from the binding
of pyridoxal phosphate by apoenzymes dependent on
this coenzyme. For example, the affinity of glutamate—
oxaloacetate apotransaminase for pyridoxal phosphate
is over 1000 times that for pyridoxal, although addition
of either substance at appropriate concentrations per-
mits catalysis of the over-all transamination reaction
(Wada and Snell, 1962).

The very slow rate of transamination of pyridox-
amine phosphate as compared to pyridoxamine by pyri-

AYLING AND SNELL
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doxamine pyruvate transaminase is the converse of the
situation which exists in a clostridial transaminase, for
which pyridoxamine phosphate is the preferred sub-
strate and pyridoxamine is transaminated very slowly
(Ogata et al., 1968). This enzyme presumably will closely
resemble pyridoxamine pyruvate transaminase in its
mechanism of action.

Effect of Structure of Pyridoxal Analogs on Binding of
Cosubstrates of Pyridoxamine Pyruvate Transaminase.
It is clear from eq 3 that the cosubstrates of reaction 2,
pyruvate or alanine, bind not to the unmodified enzyme,
but rather to a site in close juxtaposition to bound A or
C. Any alteration in the binding site caused by combina-
tion with a pyridoxal analog should therefore be re-
flected in a changed affinity for the cosubstrate. The
affinity for pyruvate in reaction 2f or for alanine in reac-
tion 2r is changed only moderately (less than threefold)
by variations in the 2 substituent of the pyridine sub-
strate, A or C, whether this affinity is measured by the
K., values (Table II) or by the dissociation constants (k 4/
ks for pyruvate; ks/ks for alanine; Table III) for these
cosubstrates. Changing the 5 substituent of the pyridine
substrate from CH,OH to CH; also changes these values
relatively little; however, replacement of CH,OH by H
very greatly decreases the affinity for the cosubstrate.
Whether this decrease results from steric factors alone
or is connected in part with the decreased basic strength
of the heterocyclic nitrogen (cf. the pK, values for pyri-
doxal, 2-norpyridoxal, and 3-hydroxypyridine-4-alde-
hyde, Table VI) is not certain. However, the Ky value
of the cosubstrate with 2-norpyridoxal is not affected in
spite of the low pK; value. This suggests that steric fac-
tors play a more important role especially since the K.,
values for pyruvate or alanine are too large to measure
when A or C is pyridoxamine phosphate or pyridoxal
phosphate, respectively.

Pyridoxal Analogs without Substrate Acticity. 4-Nitro-
salicylaldehyde (Ikawa and Snell, 1954b) and N-methyl-
pyridoxal (Johnston et al., 1963) simulate the reactions of
pyridoxal in nonenzymatic reactions but are inactive as
substrates of pyridoxamine pyruvate transaminase.
Since they are also inactive as inhibitors, we assume that
their ineffectiveness as substrates results from their in-
ability to bind at the active site of the enzyme and does
not indicate that differences exist in the nature of the
participation of substituent groups in the enzymatic as
opposed to the nonenzymatic reaction.

Since O-methylpyridoxal and 3-deoxypyridoxal serve
neither as substrates nor as inhibitors of pyridoxamine
pyruvate transamtinase, the phenolic group at the 3 posi-
tion is essential for binding, either directly or because of
its very large effect on basicity of the pyridine nitrogen
(¢f. pK; for pyridoxal and 3-hydroxypyridine-4-alde-
hyde vs. pK, for O-methylpyridoxal and pyridine-4-
aldehyde. Table VI). Whether it is also necessary for en-
zymatic transamination per se, as it is for the nonen-
zymatic reaction (Metzler er al., 1954; Thanassi et al.,
1965), is not determined by these data. However, the
inhibitory effects of pyridine-4-aldehyde on reaction 1
at high alanine concentrations (Figure 6) indicate that a
ternary complex must be formed between enzyme, pyri-
dinealdehyde, and alanine, and yet no reaction occurs.



VOL. 7, NO. 5, MAY 1968

It is likely, therefore, that the phenolic group is manda-
tory for the enzymatic reaction as well as for binding.
Results of French ez al. (1965) in nonenzymatic systems
implicate the 3-hydroxyl group as a catalyst for dehy-
dration of the carbinolamine intermediate formed ini-
tially on addition of amino acid to pyridoxal. Ir the en-
zymatic reaction, a similar tetrahedral intermediate
must precede formation of both ii and EXY in Figure
7, and the 3-hydroxyl group of the pyridine substrate
may participate in its conversion into these latter inter-
mediates.

Rates of Association and Dissociation of Enzyme-An-
alog Substrate Complexes. Although values obtained by
direct measurements at 415 or 430 my of the dissocia-
tion constant (k;/ks) and of the rate constant, ks, for re-
action of enzyme with pyridoxal and 5-deoxypyridoxal
agree rather well with the corresponding kinetic values
(Table V), those of w-methylpyridoxal do not. Further-
more, the complex absorbing at 430 mu, which is con-
sidered to be the hydrogen-bonded Schiff’s base of w-
methylpyridoxal with enzyme, was formed too slowly
to be a reaction intermediate. Redetermination of these
constants at 325 myu gave values in agreement with the
kinetic values (Table V). These results indicate that the
430-my species (iii, Figure 7) cannot be the intermediate
which reacts with alanine but is instead the product of a
reversible side reaction which is not significant in the
over-all reaction when alanine is present.? By extension,
the similar complexes formed with pyridoxal (Am.x 415
mg) and 5-deoxypyridoxal (Amax 430 mu) and possibly
also with pyridoxal phosphate (Mma.x 430 my) are most
likely not those involved in the transamination reaction
even though the directly measured values for k;/ks are
in reasonable agreement with the corresponding con-
stants calculated from kinetic data (Table V). Since the
rate of formation of iii does give an accurate value of
kg for pyridoxal and 5-deoxypyridoxal, attainment of
equilibrium between ii and iii (Figure 7) must be rapid
in these cases compared with the rate of formation of ii
from i, so that the rate of formation of iii is governed
by that of ii. This is in contrast to the situation with -
methylpyridoxal, where the transition from ii to iii is
much slower than the over-all reaction.

When w-methylpyridoxal is substrate, the value of
Ky for complex ii determined from steady-state ki-
netics (= k+/ks) is 7.5 mm. According to the model of Fig-
ure 7, the corresponding value measured directly at 430
my, 1.3 mM, would be (k,/k,)(k+/ks), and hence k,/k, =
5.7. At equilibrium in the absence of alanine, therefore,
approximately 8597 of the product formed on addition
of w-methylpyridoxal to enzyme is the slowly formed
iti, and about 159 would be ii. Similar calculations
may be applied to pyridoxal and 35-deoxypyridoxal,
where the directly measured value of ks agrees reason-
ably well with the kinetic value, but the directly mea-

? We picture the reactive intermediate as ii, Figure 7, although
such structures usually have absorption maxima near 360 mgu
(Johnston et al., 1963; Jenkins, 1961). The position of Apax
(325 myu, Figure 5) indicates that it may instead be a tetrahedral
intermediate in which an unidentified adduct, XH, saturates
the azomethine bond of ii.

E'—NH,
) E| e
|
Os,..H Ny LN
c CH B SeH
Ofﬁ/CHZOH e O SRR ij/CHZOH
R\N| kr R\Ni RSN
H* H* 4/ H*
(0 % 35, (i
(7
K kg (+
E o+ RA —le p.ogaSal¥0 oy
k2 kg {-pyr}
(vi} {v) (iv)

FIGURE 7: Postulated structures of complexes formed by
pyridoxamine pyruvate transaminase (E’-NH. or E) with
pyridoxal and its analogs and their relationship to the trans-
amination reaction, 2r. Structure i is pyridoxal or w-methyl-
pyridoxal when R = CH; or CH:CHj;, respectively; in
5-deoxypyridoxal, R = CH; and CH,OH has been replaced
by CH;. RA represents the corresponding amines. Compound
iii represents the complex absorbing at 415-430 mg.

sured values of Ky, are about half the kinetic values
(Table V). In these cases such calculations indicate that
about one-third of the complex with enzyme (in the
absence of alanine) is the active species, ii, and about
two-thirds is iii.

The demonstration that the species absorbing at 415~
430 mu is not an intermediate in the over-all transami-
nation reaction is in agreement with the conclusion (Jen-
kins and Sizer, 1959) that the form of glutamate-oxalo-
acetate transaminase absorbing maximally at 430 mu
does not participate in the transamination reaction. In
tryptophanase-catalyzed reactions, similarly, the form
of the enzyme absorbing maximally at 420 myu is not
that which participates in the tryptophanase reaction
(Morino and Snell, 1967a). Since at the pH optimum of
these reactions the amino acid substrate is predomi-
nantly positively charged, it seems logical that a species
corresponding to ii (Figure 7), which carries a negative
charge on the phenolic group, should be involved in
interaction with the amino acid rather than the hydro-
gen-bonded species iii. It is not clear, however, that this
mode of interaction is followed generally in pyridoxal-
dependent reactions, since maximum activity of gluta-
mate decarboxylase (Shukuya and Schwert, 1960), argi-
nine decarboxylase (Blethen et al., 1968), and D-serine
dehydrase (Dupourque er al., 1966) is observed at pH
values where absorbance in the 415-mu region also is
near maximal. From the results with w-methylpyridoxal
discussed earlier, however, it is obvious that the nature
of the reactive species of these enzymes cannot be in-
ferred from spectral data alone.

We have emphasized that reactions catalyzed at the
substrate level by pyridoxamine—pyruvate transaminase
resemble those undergone at the coenzyme level in pyr-
idoxal phosphate dependent transaminases (Ayling and
Snell, 1968). The demonstration that the 2 and 5 sub-
stituents of pyridoxal are nonessential for the former en-
zyme thus correlates well with earlier observations that
the 2-methyl group of pyridoxal phosphate is not re-
quired for its coenzymatic action (Morino and Snell,
1967b), and that free pyridoxal substitutes inefficiently
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for pyridoxal phosphate in the action of glutamate-
oxaloacetate transaminase (Wada and Snell, 1962).

References

Ayling, J. E., and Snell, E. E. (1968), Biochemistry 7,
1616.

Bavin, E. M., Rees, R. J. W., Robson, J. M., Seiler, M.,
Seymour, D, E., and Suddaby, D. (1950), J. Pharm.
Pharmacol. 2, 764.

Blethen, S. L., Boeker, E. A., and Snell, E. E. (1968),
J. Biol. Chem. (in press).

Braunstein, A. E. (1960), Enzymes 2,113.

Dempsey, W., and Snell, E. E. (1963), Biochemistry 2,
1414,

Dupourque, D., Newton, W. A., and Snell, E. E. (1966),
J. Biol. Chem. 241,1233.

Florentiev, V. L., Drobinskaya, N. A., Ionova, L. V.,
and Karpeisky, Yu., M. (1967), Tetrahedron Letters,
1747.

French, T. C., Auld, D. S., and Bruice, T. C. (1965),
Biochemistry 4,77.

Guirard, B. M., and Snell, E. E. (1964), in Comprehen-
sive Biochemistry, Vol. 15, Florkin, M., and Stotz,
E. H., Ed., Amsterdam, Elsevier, pp 138-199.

Heinert, D., and Martell, A. E. (1959), J. Am. Chem.
Soe. 81,3933.

Heyl, D., Harris, S. A., and Folkers, K. (1953), J.
Am. Chem. Soc. 75, 653.

Tkawa, M., and Snell, E. E. (1954a), J. Am. Chem. Soc.
76, 637.

Ikawa, M., and Snell, E. E. (1954b), J. Am. Chem. Soc.
76, 653.

Jenkins, W. T. (1961), Federation Proc. 20, 978.

Jenkins, W. T., and Sizer, I. W. (19539), J. Biol. Chem.
234,1179.

Johnston, C. C., Brooks, H. G., Albert, J. D., and
Metzler, D. E. (1963), in Chemical and Biological

AYLING AND SNELL

BIOCHEMISTRY

Aspects of Pyridoxal Catalysis, Snell, E. E., Fasella,
P. M., Braunstein, A. E., and Rossi-Fanelli, A.,
Ed., Oxford, Pergamon, p 69.

Kornfeld, E. C., and Jones, R. G. (1951), J. Am. Chem.
Soc. 73,107.

Metzler, D. E. (1957),J. Am. Chem. Soc. 79, 485.

Metzler, D. E., Ikawa, M., and Snell, E. E. (1954),
J. Am. Chem. Soc. 76, 648.

Metzler, D. E., and Snell, E. E. (1955), J. Am. Chem.
Soc. 77, 2431,

Morino, Y., and Snell, E. E. (1967a), J. Biol. Chem. 242,
2800.

Morino, Y., and Snell, E. E. (1967b), Proc. Natl. Acad.
Sci. U. S. 57,1692,

Miihlradt, P. F., Morino, Y., and Snell, E. E. (1967),
J. Med. Chem. 10, 341.

Miihlradt, P. F., and Snell, E. E. (1967), J. Med. Chem.
10,129.

Nakamoto, K., and Martell, A. E. (1959), J. Am. Chem.
Soc. 81, 5857, 5863.

Ogata, K., Tani, Y., Yamamoto, S., and Tochikura, T.
(1968), Proc. Intern. Symp. Pyridoxal Enzymes,
Nagoya (in press).

Peterson, E. A., Sober, H. A., and Meister, A. (1953),
Biochem. Prepn. 3, 29, 34,

Shukuya, R., and Schwert, G. W. (1960), J. Biol. Chem.
235,1653.

Snell, E. E. (1945),J. Am. Chem. Soc. 67,194.

Snell, E. E. (1958), Vitamins Hormones 16, 77.

Snell, E. E., and Ayling, J. E. (1968), Proc. Intern.
Symp. Pyridoxal Enzymes, Nagoya (in press).

Thanassi, J. W., Butler, A. R., and Bruice, T. C.
(1965), Biochemistry 4, 1463.

Wada, H., and Snell, E. E. (1961), J. Biol. Chem. 236,
2089.

Wada, H., and Snell, E. E. (1962), J. Biol. Chem. 237,
127.

Williams, V. R., and Neilands, J. B. (1954), Arch.
Biochem. Biophys. 53, 56.



