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Enzymes with Acetylenic and Olefinic Substrate Analogues

by Patrick Allen Marcotte

Submitted to the Department of Chemistry of May 23, 1977 in partial ful-
fillment of the requirements for the Degree of Doctor of Philosophy.

ABSTRACT

The reactions of the olefinic amino acid vinylglycine (2-amino-3-
butenoate) and the acetylenic amino acid propargylglycine (2-amino-4-
pentynoate) with four enzymes have been examined. These amino acids
incorporate a reactive functionality, and, upon reaction with these
enzymes, inactivation of the enzyme due to covalent modification may
result.

The reaction of these potential inactivators with two pyridoxal-
phosphate dependent transaminases was studied. L-alanine aminotransferase
suffers loss of activity upon reaction with L-propargylglycine, covalent
modification of the enzyme occuring in one of every two reactions of
enzyme and the '"'suicide substrate." No inactivation is observed as the
result of the transamination of L-vinylglycine by this enzyme.

D-amino acid transaminases isolated from two species of Bacillus
were found to undergo covalent modification upon their reaction with
D-vinylglycine. The enzymes were observed to catalyze 450-800 transami-
natioens before suffering loss of activity. These enzymes demonstrated
little or no sensitivity towards inactivation in the course of their
reaction with propargylglycine.

L-amino acid oxidase from Crotalus adamanteus venom suffers inacti-
vation upon its oxidation of L-vinylglycine. Loss of activity is the
probable result of alkylation of an amino acid residue of the apoprotein
in one of every 2000 catalytic oxidations of the amino acid. D-amino
acid oxidase from pig kidney is insensitive towards inactivation as a
consequience of its oxidation of D-vinylglycine.

The study of the reactions of the amino acid oxidases with propar-
gylglycine is divided into three parts:

1. After enzymatic oxidation of propargylglycine, a complex series of
non-enzymatic reactions is observed. Three species produced in the incu-
bation have been characterized. Two of the molecules (2-aminopent-2-en-
4-ynoate and 2-amino-4-keto-2-pentenoate) are powerful competitive inhi-
bitors of D-amino acid oxidase and induce intense charge transfer bands
upon binding to the enzyme. The major accumulated product of the reaction
is a cyclic eneamine lactone, 2-amino-4-hydroxy-2,4-pentadiene-y-lactone.

2. D-amino acid oxidase undergoes covalent modification upon its oxida-
tion of D-propargylglycine. The modified enzyme has been characterized
as to its spectral and catalytic properties, and has been found to have



markedly changed substrate specificity and kinetic parameters from the
native enzyme., L-amino acid oxidase has been found to be insensitive to
covalent modification as a result of its oxidation of L-propargylglycine.

3. The process by which D-amino acid oxidase undergoes covalent modifi-
cation upon its oxidation of D-propargylglycine has been investigated.
A hypothesis for the mechanisms of the alkylation process is proposed.

Thesis advisor: Christopher T. Walsh
Title: Associate Professor of Chemistry and Biology
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INTRODUCTION
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There are a number of reasons for pursuing research into the
modification of enzymes using active site directed substrate analogues.
A rationale frequently cited is the potential pharmacological importance
of such agents!’??3’%. that by designing a molecule which will inactivate
a single enzyme, and therefore affect a specific metabolic process, useful
theraputic agents might be developed. Two clinical drugs which are known
to be active site directed enzyme inactivators are in use: the antibiotic
D-cycloserine®(D-4-amino-3-isoxolidone), which blocks bacterial synthesis
of D-alanine, an essential metabolite in bacterial cell wall biosynthesis;
and pargyline® (N-methyl-N-propynylbenzylamine) an inactivator of mono-
amine oxidase which has been used as an anti-hypertensive drug.

~ i

D-cycloserine CHZ—N-CHZ—CEC-H pargyline

H 0

However, for both of these chemicals, the molecular bhasis of their
action was studied after promising clinical effects had been discovered.
Thus, work such as will be described in this paper did not lead to the
development of these agents, Furthermore, although thought to be rela-
tively specific in their action, both of these drugs lead to serious side
effects, and the use of other substances is preferred in most cases.>’®

As more information is developed on the molecular basis of the action
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of drugs, other substances currently in use may be found to be active site
directed enzyme inactivators. For examble, the action of the penicillins
and cephalosporins has been theorized to be due to covalent modification

of the enzyme which catalyzes the final step in bacterial cell wall bio-

synthesis.’ o ﬂ
g R-C-NH
R-C-NH S ?7_ g
_— Enz-
:1:::1:’ g H
0 00°

00~
The most common of all drugs, aspirin, is known to inhibit the syn-

thesis of protaglandin G, in platelets.® It has recently been shown

2
that the mechanism of this inhibition is through the acetylation of a
susceptible nucleophile of the enzyme which catalyzes the cyclooxygen-

ation of arachidonic acid to protaglandin G2‘9

Ccoo"~

arachidonic acid P662 OOH

The search for pharmacologically active chemicals cannot be presented
as the purpose of this work. Present knowledge of the molecular basis of
disease does not, for the most part, allow the investigator to target enzymes
for inactivation which are known to be involved in a disorder. The approach
of this work has been the matching of previously isolated enzymes in amino
acid metabolism with non-physiological substrate analogues which might cause
their inactivation. Although the two amino acids used in this work, vinyl-

glycine and propargylglycine, probably affect relatively few enzymes, it is
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doubtful they have potential as clinical agents, since they have serious
effects on mammalian enzyme systems. Therefore, rationales other than the
synthesis of useful drugs form the basis of this work,

A second pharmacological application of active site directed substrate
analogues is the use of these agents to inactivate in vivo a target enzyme,
thereby producing in an experimental animal a condition which might resemble
that caused by a particular genetic defect., In this way, information as
to the metabolic function of a specific enzyme can be obtained. Approaches
to the treatment of a disorder caused by the deficiency of an enzyme might
also be a development of these investigations,?’3

A third reason for the study of active site directed enzyme inacti-
vation derives from the specific modification of one (or a few) residues
of an enzyme induced by these agents. The enzyme thus covalently modi-
fied can then be degraded and the site of alkylation be determined. To-
gether with studies of the chemical and physical properties of the enzyme,
such as subunit structure, amino acid composition and sequence, and in
favorable cases, the three dimensional structure of the enzyme as deter-
mined by X-ray diffraction analysis, information on the geometry of the
active site and on the factors important in binding and catalysis can be
obtained. The use of active site directed alkylating agents has led to
the identification of three residues of catalytic importance at (or near)
the active site of chymotrypsin,!?

However, work to date has solved the primary structure and three dimen-
sional configuration of relatively few proteins. In addition, the techno-

logical difficulties of X-ray diffraction analysis makes this technique
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usually applicable only to relatively small proteins. Therefore, infor-
mation on enzyme structure that can be gained from studies using modifi-
cation agents is usually limited to the identification of residues near
the site of alkylation in the amino acid sequence of the protein,

A fourth manner in which the use of active site directed enzyme
inactivators can be valuable is in the study of enzyme mechanisms., A
number of enzymes which catalyze a similar transformation show striking
differential susceptibility towards inactivation by a substrate analogue.
An example is the action of vinylglycine on several pyridoxal phosphate
dependent transaminases, Pig heart L-aspartate aminotransferase was
recently shown to be inactivated efficiently by vinylglycine -- no cataly-
tic action before inactivation can be observed!!. On the other hand, this
work will show that the bacterial D-amino acid transaminases are inactivated,
but only after carrying out several hundred catalytic transaminations.
Finally, pig heart L-alanine aminotransferase has been found to have no
susceptibility to inactivation while carrying out the transamination. The
bases for these effects are hidden in the detailed geometry of the active
site; e.g., the ability of the enzyme to carry out general acid or base
catalysis on the bound molecule or a nucleophilic group of the enzyme
placed in a susceptible location, This work will demonstrate several
instances of such differential inactivation,

Evidence on the mechanism of enzymatic catalysis can also be obtained
by cases in which alkylation by an active site directed reagent results
in the formation of a catalyst which still retains a fraction of its

initial activity!2., This allows the identification of an amino acid resi-
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due the alkylation of which changes, but does not destroy, the catalytic
properties of the enzyme., The modified enzyme may have greatly changed
kinetic properties, exhibiting different binding affinities for substrates
and a different rate determining step, from the native enzyme.!3 From
these cases of modified enzyme formation, information regarding the mechan-

ism of enzyme catalysis can be drawn.
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A BRIEF HISTORY OF THE USE OF ACTIVE SITE DIRECTED ENZYME INACTIVATORS

The beginning of the study of active site enzyme modification was
the discovery, in 1947, that the cause of organophosphorous poisonings
by compounds such as diisopropylfluorophosphate (DFP) was by the
specific phosphorylation of an essential serine residue of certain serine

proteases and esterases, most notably acetylcholinesterasel®

? =
] "
DFP (CH_)_,-CH-0-P-0-CH-(CH.) PAM I
372 | 3'2 _— \:T CH=N’OH
C.H3

of the mechanism of such poisonings led to the formulation of antidotes
to the poisons, one of which is pralidoxime iodide (PAMf?lGIt was many
years (until 1964) before it was established that these reagents, which
do not resemble in any obvious way the substrate of the enzyme, form a
reversible complex with the enzyme before alkylation takes place?

In 1957, J. Buchanan at M,I,T., seeking to understand the mechanism

by which azaserine, an antibiotic isolated from Streptomycetes? interfered

with purine biosynthesis? determined that this molecule caused rapid, irre-

versible inactivation of formyl-glycinamine ribonucleotide-L-glutamine

aminotransferase? The alkylation was shown to occur at the glutamine

N : )
N o NH3+ : 0 ﬁ NH 0
i ! 23]
H-C-C-0-CH_-C-C00"™ ; "i° 0 \H-C-CH,-NH-C-H P;0 0 \H-C-CH,-NH-C
2 ) —_—
H .
Azaserine ; HO " OH HO . OH
L-glutamine + ATP L-glutamate + ADP

binding site of the enzyme, Buchanan et al later determined that a single

An understanding

|
~-H

+ P,
i
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cysteine residue was susceptible to alkylation by azaserine?!

B. R. Baker, at University of California at Santa Barbara, was the
first (in 1961) to use a synthetic molecule to intentionally inactivate
a target enzyme., Making use of the known, reversible, inhibition of lactic
dehydrogenase and glutamic dehydrogenase by substituted salicylic acid
derivatives, Baker produced irreversible inactivation of these enzymes
by 4-(iodoacetamido)-salicylic acid “20ther substituted salicylates were

0

I
I—CHZ-—C-NH OH

coo™
synthesized in efforts to find morespecific inhibitors of these enzymes%
After the work of Baker, other examples of active site modification
rapidly followed. The most intensively studied enzymes were the mammalian
proteases, chymotrypsin and trypsin, which were shown by E. Shaw to be

inactivated by tosylphenylalanylchloromethylketonemCTPCK) and tosyllysyl-

ch1oromethy1ketoneZTTLCK). These molecules resemble synthetic substrates

1 '
|
CH3©- S0,,-NH-C-C-CH,-C1 CH:;-@-SOz-NH-(IJ—C-CHZ-Cl
(CH,),,
I
NH,
TPCK TLCK

of the enzyme but incorporate the reactive chloromethyl ketone functionality
in place of a hydrolyzable ester or amide. Both TPCK (for chymotrypsinfEand
TLCK (for trypsinfecause the alkylation of a histidine residue, later shown
in the three dimensional structure of these enzymes to be acting as a general

base at the active siteZ’®
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The inactivators thus far discussed derive their specificity from the
binding of the inhibitor at the active site of the enzyme followed by attack
by an enzyme nucleophile on the reactive portion of the inactivator. Other
examples of this type of inactivator, often called "affinity inactivators,"
have been found; the most commonly used reactive functionalities are the
a-haloketone, a-diazoketone, and epoxide groups. These investigations have
been well reviewed and I will not discuss them herel?’*’1®%

The use of inhibitors which contain reactive groups suffers from the
inherent chemical reactivity of these species, a property which could both
decrease their lifetime in solution and also reduce their specificity. A
potentially more specific class of active site directed inactivators was
first discovered by Bloch in 1968 when it was found in his laboratory that
B-hydroxythiolester dehydrase is irreversibly inactivated upon incubation
with 3-decynoyl-N-acetylcysteamine.3?

Enzyme

| Il
CH3—(CH2)5-C=C-CI{2-C-—SR - CH3-(CH2)5-CH—-C*CH—C-SR —_—
Enz-Nuc:
0

1l
2)S-CH-*(‘J--CHz-C—SR

Enz-Nuc

CHS—(CH

The mechanism of this inactivation is the enzyme catalyzed rearrangement

of the acetylenic thiolester to the electrophilic conjugated allenic thiol-
ester, followed by attack at C3 by an enzyme nucleophile, resulting in irre-
versible loss of enzyme activity. Thus the enzyme has, by its own catalytic

properties, produced the reactive species which leads to inactivation.
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Many further examples of enzyme inactivators of this type, termed
. . inhibitors'"?2 or "suicide substrates"3, have been found. Suicide
substrates have the advantage that they should show specificity for
enzymes which catalyze a specific transformation. The inactivators are
inert in solution and should have no irreversible effect on enzymes which
bind them but do not catalyze the appropriate reaction.

Recent work with these inhibitors has been the subject of numerous
recent reviews;?’3’%22% therefore I will 1imit the general discussion of

this work to the following brief treatment. Almost all of these inactiva-

tors can be grouped into a few categories.

1. TInactivation of isomerases by acetylenic substrate analogues. Similar

to the original work of Bloch, these inactivators incorporate an acetylenic

group which is converted to a conjugated allene by action of the enzyme.3! 32

2. Inactivation of pyridoxal-phosphate dependent enzymes by olefinic or

acetylenic amino acids.3® The enzyme converts the suicide substrate into

a bound conjugated olefin or conjugated allene which is attacked by an

enzyme nucleophile.
CH —C=C(C-H CH=C=CH
— 2
o cH=al, / . 2

=0 _ N=C =
AN=Ccoo Hcs  coo ge” 0

5. Inactivation of flavoprotein dehydrogenases and oxidases with acetylenic

coo~

and olefinic substrate analogues.aq Upon incubation of flavoproteins with

acetylenic substrates, inactivation with modification of the bound coenzyme

often occurs. Other flavoproteins are inactivated by attack of enzyme
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nucleophiles on bound conjugated olefins or conjugated allenes similar to
the mechanism previously described for pyridoxal enzymes and isomerases.

The inactivation of flavoproteins is discussed in more detail in Chapter III.

4, Inactivations induced by halide containing substrate analogues. Reaction

of pyridoxal-phosphate dependent enzymes with B-halo-a-amino acids has been
found to result in inactivation® The inactivation most likely procedes from

attack of an enzyme nucleophile on the conjugated olefin produced by

CH,-X H.C
| 2 2ﬂ’\:Nuc-Enz

HC=—’N'—C\"H H0=N—C\

‘I/l/'\’ coo” ___ W/I/-\r C00™ . Ly

elimination of HX.

In other cases of enzyme inactivation induced by halide containing substrate
analogues, it is probable that the enzyme converts the suicide substrate
into an a-halo carbonyl-or a-halo imine species which is then attacked by

an enzyme nucleOphile.a6

%r 'I\liH-CH3 plasma ?r ﬁ .
— amine N - + NH,-CH
Hy0=LH, oxidase Bt i 28
++
(B} Enz-Nuc:

5. Inactivations produced by nitriles. In a manner analogous to that
described for acetylene induced inactivation, alkylation results from
enzymatic conversion of the nitrileto a ketenimine, followed by attack of
an enzyme nucleophile37 38

H

1
~
R-C—CcsSN  ——— _C=C=NH

R R /

Enz-Nuc:
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By a large measure, the most prominent use of suicide substrates has
been in the inactivation of pyridoxal and flavin dependent enzymes which
catalyze reactions of amino acids, amines, and hydroxyacids. The current

work is a continuation of that trend.
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GENERAL PRINCIPLES OF ACTIVE SITE ENZYME MODIFICATION

The simplest model of the action of an active site directed enzyme

inactivator is given by (lfpsg
k k. ; ;
(1) E o+ 1 = 1 - 5 I inactivation . E-T
k

Initial reversible formation of an active site complex is followed by
formation of a covalent bond between the enzyme and inactivator, resulting
in irreversible inactivation of the enzyme. The observed loss of enzyme
activity should be first order in enzyme, and is related to the kinetic
constants by the following expressions (2)?9

(2) i = -k, [E] ; k _ Kinac 1 K, = Kinac * X1
dt " Tobs > Tobs K, + [1] S T K

The expression for kobs has the same form as the Michaelis-Menten
equation describing the steady state rate of product formation by enzymatic
catalysis. In the same manner as a Lineweaver-Burk plot, a plot of 1/kObs
versus 1/[I] yields a graph (Figure 1) with vertical intercept of 1/1<inac
and horizontal intercept (—1/Ki). This model works well in the case of
inhibitors which do not undergo catalysis (affinity inactivators), such
as the chloroketone inactivators of trypsin and chymotrypsin!

The inactivation of certain enzymes by a '"suicide substrate' is also

described adequately by (1); k now being a complex rate constant

inactivation

encompassing both the enzymatic transformation of the substrate to the reac-

tive species and the alkylation process. However, in many cases, the reac-
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tion of the enzyme and the suicide substrate is complicated by the catalytic
action of the enzyme on the inactivator, followed by release of a product
without enzyme modification having taken place. Therefore, the simple
model for the inactivation process (1) needs to be expanded; a more

general scheme is given by (3)2

E o+ I E-I kinactivatinn —— E-I
e (3)
T turnover E' + I!
P2 S2

The above scheme demonstrates the partition between the catalytic reac-
tion (referred to as '"turnover') and enzyme inactivation. The ratio of the

rate constants k_ _ /k is determined by the number of

turnover’ “inactivation

catalytic events which occur before inactivation is observed, and is a
measure of the efficiency of the suicide substrate in producing inactivation,
The number of turnovers before inactivation found in the present work has
varied from one (50% efficiency) to several thousand (< 0.1% efficiency).

After reaction of an enzyme with a suicide substrate, and release of
a product, it is common that the enzyme, although not covalently modified,
has been converted to a form which is not competent to react with another
molecule of the'potential inactivator., This enzyme form is designated by E!
in (3). The simplest case of this occurrence is in the reaction of a
flavoprotein oxidase with an amino acid. The enzyme is converted by the

catalytic reaction to its two electron reduced form, and must be reoxidized

by the oxygen in solution before it can react with another molecule of amino
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acid.®™ A requirement for oxygen will be seen in the reactions of the two
flavoprotein oxidases studied in this work. In the reaction of pyridoxal
phosphate dependent transaminases with a potential amino acid inactivator,
catalytic reaction without alkylation leaves the enzyme in the pyridoxamine
form, which must be reoxidized by a molecule of keto acid (usually o-keto-
glutarate) to complete the cycle.®™ 1In (3), the general case is illustra-
ted; the second substrate is designatedAby 82, E' is converted to E as
a consequence of its catalysis of the reaction 82 - P2.
Several problems are found when a large number of catalytic events
occur before inactivation is observed. The first is the kinetic problem
which arises when a large percentage of the potential inactivator is con-
sumed before inactivation, making analysis of rates more difficult. A
more serious complication occurs if the released product is itself an
electrophile and has the capacity of alkylating nucleophiles not at the
active site of the enzyme. Then the observed inactivation may be the
result of (one or more) non-specific alkylations rather than specific
modification at the active site. This phenomenon was found during oxida-
tion of L-vinylglycolate (2-hydroxy-3-butenoate) by rat kidney L-hydroxy
acid oxidase.*2 The enzyme was inactivated upon carrying out the oxida-
tion but studies with [14C]viny1g1yc01ate revealed numerous alkylations
per enzyme molecule. Furthermore, the inactivation was prevented by addi-
tion of dithiothreitol as a scavenger, proving the inactivation was pro-
ceding from the products species, 2-keto-3-butenoate, released into solu-

tion.

The simple model of the inactivation of an enzyme given by (1)
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also proves insufficient when the alkylated enzyme, although inherently

less efficient a catalyst, still retains considerable activity. The first
example of an active site directed modification producing a "wounded enzyme"
was found upon the incubation of chymotrypsin with p-nitrophenyl-N-bromo-

acetyl-o-aminoisobutyrate (NBAIB). Unlike the inactivation produced by

% tosylphenylalanylchloromethylketone (TPCK),
?—_CHZ_BI incubation of the enzyme with NBAIB causes
ch'?g"'ﬁ'o NO, alkylation of methionine-192 and was observed
H3C to result in the formation of a catalyst
NBAIB with '"20% residual activity."*3 More pre-

cisely, it was found that the Km of the synthetic substrate used to measure
activity (N-acetyltyrosine ethyl ester) had been increased by a factor of
10. The Vmax of hydrolysis had actually increased by 50% upon modification.1?

Cases such as this one lend ambiguity to the simple descriptions of what

is meant by an '"active site direacted inactivation."



=BT -

ON PROPARGYLGLYCINE AND VINYLGLYCINE

Two amino acids are used prominently in this work. A short discussion
as to their origin and previous use is appropriate,

DL-propargylglycine was first synthesized as a potential antibiotic
in 1945? The procedure involved the acid hydrolysis of the condensation

product of diethylformamidomalonate and propargyl bromide,

COOEt COOEt NH. "

3
NaH _ / H _ b2 .
H-C COOEt ——— H-C= C-CHZ_C\COOEt ——— H—C—C-CHZ—(;—COO
| Benzene | HZO o
NHCHO NHCO

+ H-C= C-CH2—Br

Jansen fﬂliiiﬁ published a detailed procedure for the synthesis of
propargylglycine, including ,the resolution of the racemic amino acid by
treatment of DL-N-acetylpropargylglycine with hog kidney acylase I,
L-propargylglycine was isolated from a fermentation broth of a strain of

Streptomycetes,®

The DL-amino acid was shown to be an effective growth inhibitor of

a bacterium (E. coli) and yeast (S. cerevisiae)? No studies on the

potential pharmacological use or toxicity of this amino acid on higher
organisms have been reported; however, injection of a rat with a small
amount (0.5 mg) of DL-propargylglycine leads to the in vivo total destruc-
tion of the y-cystathionase activity of its liver within 24 hours.*
L-propargylglycine has been reported to cause the in vitro inactiva-
tion of three mammalian enzymes: pig heart L-alanine aminotransferase,*?

rat liver y-cystathionase;® and (in the presence of formate) L-aspartate
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aminotransferase. ™ L-propargylglycine is also an in vitro inactivator

of S. typhimurium cystathionine-y-synthase," an enzyme in methionine bio-

synthesis. Becuase the growth inhibition of B. subtilis by L-propargyl-
glycine can be reversed by addition of L-methionine,”® it is probable
that the major effect of the antibiotic in vivo on this microorganism is
the inactivation of cystathionine-y-synthase. Inactivation of hog kidney
D-amino acid oxidase is observed upon its oxidation of D-propargylgly-
cine.® %  pL-propargylglycine has also been found to inhibit amylase
synthesis in vitro by slices of pigeon pancreas.>3

DL-vinylglycine was first synthesized by two laboratories, indepen-
dently, in 1974. Friis et al prepared vinylglycine in 6.6% yield by
saponification of the ethyl ester of vinylglycine produced from reac-

tion of concentrated ammonia with ethyl 2-bromo-3-butenoate.™

Br O :NH2 ::I] "OH 3I;IH2

I N *NH I -
H,C=CH— CH—C-OEt — H,C=CH—CH~ C-OEt —— H,C=CH— CH—CO00

Rando prepared vinylglycinell by addition of 2-bromo-3-butenoic acid to con-

centrated ammonia and achieved a reported 50% synthesis of DL-vinylglycine.55

. +
Br -NH3 NH3

I _ [ _
H,,C =CH— CH—C00 NH4+ ———= H,C=CH— CH—C00

This olefinic amino acid has also been found to be a natural product,>®
isolated from a mushroom (Rhodophyllus nidorosus), as an enantiomeric mixture
with an excess of the D-isomer. L-vinylglycine has been reported to inacti-

vate in vitro L-aspartate aminotransferaselland Crotalus adamanteus venom
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L-amino acid oxidase. D-Vinylglycine has been reported to inactivate

two bacterial D-amino acid transaminases.®’ A number of pyridoxal phosphate
dependent isomerases have been reported to catalyze the conversion of
L-vinylglycine to 2-ketobuyrate and ammonium ion, among them E. coli

tryptophan synthase, sheep liver threonine deaminase, S. typhyimurium

cystathionine y-synthase®® and rat liver y-cystathionase.®! No pharmacolo-

gical or toxicological properties of vinylglycine have yet been reported.
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CHAPTER II

ACTIVE SITE DIRECTED INACTIVATION OF PYRIDOXAL DEPENDENT TRANSAMINASES WITH

ACETYLENIC AND OLEFINIC SUBSTRATE ANALOGUES
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Probably the enzymes which have drawn the most attention in investi-
gations of active site directed modification using "suicide substrates"”
are those proteins which utilize pyridoxal phosphate in their catalysis.
A number of reasons account for the prominence of pyridoxal enzymes in

studies with this type of inactivator.

1., Pyridoxal enzymes are involved in transformations of amino acids, A
large variety of acetylenic, olefinic,and halide containing amino acids
have previously been synthesized chemically and/or have been isolated
from natural sources. Synthetic routes to new amino acid derivatives

with potentially interesting properties can usually be found.

2. Pyridoxal enzymes catalyze reactions in which the abstraction of a pro-
ton is stabilized by conjugation of the resulting carbanion with the pyri-
dinium ring system of the coenzyme. This enables the investigator to place
the reactive functional group (acetylene, olefin, or halide) adjacent to
the site of proton abstraction, resulting in enzyme catlyzed rearrangement

of the substrate analogue to the reactive species which induces alkylation,

The pyridoxal phosphate dependent enzymes are divided into two general
groups. The enzymes catalyzing racemization of amino acids, transamination
between amino acids and keto acids, a-decarboxylation, and R-elimination
reactions are members of the first group; the catalysis of these reactions
requires enzymatic stabilization of carbanions formed only at the a-carbon
of the amino acid substrate. The second group of pyridoxal enzymes catalyzes

reactions which require stabilization of carbanions formed at both the
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d-carbon and at the B-carbon. Enzymes which carry out B-decarboxylations
and y-replacement and y-elimination reactions belong to this group. An
outline of the steps involved in the catalysis of these transformations
is provided in any general biochemistry text;®the mechanism by which the
enzyme uses the pyridoxal coenzyme to provide the necessary stabilization
is illustrated in Scheme I,

It would be expected that enzymes of the first group would be suscep-
tible to inactivation by amino acids which contain B-halides or B-y unsatur-
ations., In addition to these potential inactivators, enzymes of the second
group might be susceptible to substrate analogues which contain +y-8 unsat-
urations. It has also been found that (at least) one transaminase, in an
activity (superficially ) unrelated to its physiological reaction, can cata-
lyze removal of the B-hydrogen of its substrate,”® The occurrence of this
activity renders this transaminase also potentially susceptible to sub-
strate analogues containing y-6§ unsaturations.

A number of reviews have covered the suicide substrates that have been
used to inactivate pyridoxal dependent enzymes>' Therefore, their mention in
this Introduction is limited to the listing in Table I. Mechanistic aspects

of several of these inactivations will be discussed in a later section.
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TABLE I

Pyridoxal enzymes found to be inactivated by "suicide substrates"

substrate analogue

+
s

H-C= C—CH2—(|3-CH2

+
NH3

! -
-C EC-CHZ—C—COO

]

H

+
NHB-CH2

+
o
H-C EC-CHz-ClT—COO

+
NH3

| o
H2C =CH-C-CO00
|

+
NH3

| .
HgC-O—CH=CH-C-COO-
: )
H

+ +
N.'H3 I|\1H3

| -
HO-CH,-C-0-CH=CH-C-CO00
I |

2
H H

+
NH3

| -
HO—CHZ—C—COO
[

H

4

NH3

= I -
OSS—O-CHZ—F—COO

H

-CHZ—COO

enzyme

y-aminobutyrate transaminase

lysine e-transaminase

cystathioninie y-synthase
y-cystathionase

L-alanine aminotransferase
L-aspartate aminotransferase

L-aspartate aminotransferase
D-amino acid transaminase

L-aspartate aminotransferase

B-cystathionase

threonine deaminase

L-aspartate aminotransferase

reference

64

65

49
48
49
50

11
57

66

67

68

69



-

TABLE I (continued)

substrate analogue enzyme

%0,5-0-CH,,~CH,,-NH *

2

+

NH
L3
C1-CH,,-C-C00
2y
H
+
s
X-CH,-C-CO0~
2
H
X=¢gl; F
+
Wy
Fscnf-COO
+
NH,
C1,CH-C-C00

y-aminobutyrate transaminase

D-amino acid transaminase

L-alanine amintransferase
L-aspartate aminotransferase
alanine racemase

B-cystathionase
y-cystathionase
tryptophanase
tryptophan synthase
threonine dehydrase

y-cystathionase
tryptophanase
tryptophan synthase
threonine dehydrase

reference

74

70

73
71, 72
75

73
73
73
73
73

73
73
78
73
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A. L-ALANINE AMINOTRANSFERASE: REACTIONS WITH PROPARGYLGLYCINE AND

VINYLGLYCINE

L-alanine aminotransferase is a cytoplasmic, pyridoxal phosphate
dependent, transaminase most commonly isolated from pig heart muscle.’
It has high specificity in the reaction it catalyzes: the conversion

of L-alanine and a-ketoglutarate to pyruvate and L-glutamate.
+

FHS 0
- ] &
CHS_F_COO Enzyme - pyridoxal phosphate Cliz~C-CO0
H — i
+ 8 + NH3+
— - — l -—
00C-CH,,-CH,,~C-C00 00C-CH,-CH,-C-C00

2 2 2 2

H

The enzyme has been shown to catalyze the transamination of other L-amino
acid and o-keto acid substrates, but the reaction procedes at 1% or less
the rate of the physiological substrates.”

Oshima and Tamiya were the first to observe the exchange of the B-hy-
drogens of L-alanine catalyzed by L-alanine aminotransferase.® Although the

+ +
V5 D0 Wy
CH3-C-C00 -~ CD,-C-CO0

H L-alanine aminotransferase

validity of their experiments was at first doubted]’ the exchange has recently
been confirmed by several laboratories? This non-essential property of the
enzyme was the rationale for its potential susceptibility to L-propargylgly-
cine, a y-§ unsaturated amino acid which had previously been found to cause

the inactivation of y—cystathionasé?a (rat) liver pyridoxal dependent enzyme
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NH, " NH, 0 I}IH;

| ] - - +
~00C-C-CH . -S-CH_-CH_-C-CO0~ ———» -CH_-C- -CH_.-C-C00 NH
00C-C-CH,,-5-CH,y~CH, ~C-C00 CHy-CH,=C-C00™  +  HS-CH,-C-C + NH,

H H H

(catalyzing y-elimination) in which abstraction of the substrate B-hydrogens
is a necessary feature of its catalysis.

Vinylglycine had been reported to lead to inactivation of another
mammalian transaminase, L-aspartate aminotransferasé} which is also most
commonly isolated from pig heart muscle &0 Therefore, vinylglycine was also
examined as a substrate and potential inactivator of L-alanine amino-

transferase,
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EXPERIMENTAL SECTION

Materials

Enzymes: L-alanine aminotransferase was purified to homogeneity (by

gel electrophoresis) by the method of Saier and Jenkins from pig hearts
purchased from Pel-Freez biologicals. L-lactic dehydrogenase, pyruvate
kinase, creatine kinase, furmarase , and phosphorylase A were purchased
from Sigma.

Reagents: Propargylglycine was synthesized from diethylacetamidomalonate
and propargylbromide as described by Jansen EE_ElﬁS DL—propargy1[2-14C]—
glycine (500 cpm/nmole) was synthesized from diethylacetamidomalonate
purchased from Amersham. DL-vinylglycine was synthesized by the method
of R. Rando;! a detailed procedure was provided by Professor Rando?®
L-vinylglycine, [a]D+110°, was prepared by treatment of N-chloroacetyl-
DL-vinylglycine with hog kidney acylase I in a manner analogous to that
described for the resolution of L-alanine® NADH, L-alanine, and a-keto-
glutarate were purchased from Sigma. All other reagents were commer-
cially available reagent grade materials.

Instrumentation: Spectrophotometric kinetics were followed by using

a Gilford model 222 spectrophotometer. Electronic absorption spectra

were recorded using a Beckman model 25 double beam spectrophotometer.

Methods

Enzyme activity: L-alanine aminotransferase was routinely assayed in

1.0 m1 of 0.1 M Tris HC1 pH 8 at 37°C, containing 0.2 M L-alanine, 0.01 M

a-ketoglutarate, 0.2 mM NADH and 50 nug L-lactic dehydrogenase. The rate of



-30_

pyruvate formation was measured by the rate of decrease in the absorbance
due to NADH at 340 nm (e 6220).

Spectral changes upon inactivation with propargylglycine., Because of

the pH dependence of the visible spectrum of L-alanine aminotransferase,'76

the spectral changes which accompany inactivation with propargylglycine
were observed in 0,1 M potassium phosphate pH 6.5, at which pH the

native enzyme has a clearly defined absorbance maximum at 425 nm. To

the enzyme solution was added 1 mM a-ketoglutarate and 12.5 mM L-propar-
gylglycine, The spectrum of the solution was recorded at intervals over
a two hour incubation, at which time less than 3% of the initial activity
remained. The inactivated enzyme was dialyzed against 0.1 M Tris HC1 pH 8,
containing 10-4 M pyridoxal phosphate, followed by dialysis against 0.1 ﬂ
potassium phosphate pH 6.5, After dialysis, the spectrum of the solution
was recorded; 1 mM a-ketoglutarate was added to the solution and the
spectrum again recorded.

Stoichiometry of alkylation of L-alanine aminotransferase by L-propargyl-

glycine, The enzyme was incubated with DL-propargyl[2-140]-g1ycine, fol-
lowed by passage of the solution through a column of Sephadex G-25 as
described in the legend to Figure 4.

Reaction of L-alanine aminotransferase with L-vinylglycine, L-vinylglycine

was examined as a substrate and inhibitor of enzyme catalyzed transamina-

tion of L-alanine. Experimental details are given in the legend to Figure 5.
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RESULTS

Kinetics of inactivation of L-alanine aminotransferase with L-propargylglycine.

Upon incubation of L-alanine aminotransferase with L-propargylglycine,
rapid loss of activity is observed. The inactivation appears to be first
order early in the reaction but deviations from the simple model are evident
as the reaction progresses. Essentially complete (99%) inactivation requires
approximately 2 hours of incubation. Exhaustive dialysis does not restore
activity, nor does addition of pyridoxal phosphate to the incubation or
dialysis prevent inactivation or restore activity. A Km for L-propargyl-
glycine of 12 mM can be derived from the data of Figure 1A; the maximal
initial rate of inactivation is calculated to be 0.6 min-l. It is the
pyridoxal form of the enzyme which is subject to inactivation; addition of
L-alanine to the incubation rapidly converts the enzyme to the pyridox-

amine form, which is unsusceptible to inactivation by propargylglycine.

Large scale inactivation of L-alanine aminotransferase.

In contrast to the findings with catalytic quantities of enzyme, when
a spectroscopic concentration of L-alanine aminotransferase (1 mg in 1 ml)
was incubated with L-propargylglycine, only 50% of the activity was rapidly
lost (assayed with L-alanine and a-ketoglutarate) -- the remainder of the
activity was stable for several further hours of incubation. Addition of
a-ketoglutarate to the mixture resulted in the remainder of the activity
being rapidly lost. The most probable explanation for this occurrence is

that the enzyme partitions approximately equally between covalent



Figure 1.

iy

Kinetics of inactivation of L-alanine aminotransferase with
L-propargylglycine.

In 0,20 ml of 0.1 M Tris HC1, pH 8 at 37°C, the solution con-
tained 10 mM o-ketoglutarate and the desired concentration
of L-propargylglycine, The reaction was initiated by addition
of L-alanine aminotransferase, At intervals, 10 ul was removed
and injected into 1 ml of 0.1 M Tris HCl, pH 8 at 37°C contain-
ing 0.2 M L-alanine, 0.01 M a-ketoglutarate, 0.2 mM NADH and

50 pg L-lactic dehydrogenase., The transaminase activity

was measured by the rate of decrease in absorbance at

340 nm,

A: Time dependent inactivation of L-alanine aminotransferase
at the following concentrations of L-propargylglycine,.

(a): 2 mM L-propargylglycine

(b): 3 mM L-propargylglycine

(¢): 5 mM L-propargylglycine

(d): 10 mM L-propargylglycine

B: Plot of reciprocal of the initial rate constant on inactiva-

tion versus reciprocal of propargylglycine concentration,
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modification and release of the oxidized product. The enzyme is reduced
to the pyridoxamine form by the latter reaction and is incapable of
reacting with another molecule of the suicide substrate. Addition of
a-ketoglutarate results in reoxidation of the enzyme, which can then react
with another propargylglycine molecule. The requirement for added a-keto
acid was not observed in catalytic assays; it is probable that sufficient
keto acid is present as a trace contaminant of other reagents to return
the enzyme to the pyridoxal form.

The electronic absorption spectrum of L-alanine aminotransferase was
determined before and after inactivation with L-propargylglycine. As
demonstrated in Figure 2, inactivation results in the loss of the long
wavelength pyridoxal absorbance and the formation of a new absorbance
maximum at 325 nm. Even though there is excess a-ketoglutarate in the
incubation, the enzyme remains in the pyridoxamine form after inactivation.
After dialysis, the enzyme retains the 325 nm absorbance; addition of a-keto-
glutarate to the dialyzed enzyme does not restore the pyridoxal spectrum.
Nor does pyridoxal phosphate become bound to the inactivated enzyme when
it is added to the dialysis buffer.

L-alanine aminotransferase has thus been shown to be irreversibly con-
verted to the pyridoxamine form upon inactivation by propargylglycine. Inac-
tivation occurs once in every two reactions of enzyme with propargylglycine.
Further work is necessary to determine the reasons for the deviations of
the kinetics from the simple model. Possible explanations are inhomogeneity
in the enzyme preparation (although it was substantially pure by gel elec-

trophoresis) or the existence of a more complicated reaction pathway in
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Changes in the spectrum of L-alanine aminotransferase upon
reaction with L-propargylglycine,

(a): Spectrum of L-alanine aminotransferase in 0.4 ml of
0.1 M potassium phosphate, pH 6.5 containing 0.001 M
a-ketoglutarate, The reference cell contained 0.1 M
potassium phosphate with 0,001 M a-ketoglutrate.

(b): Two hours after addition of 10 ul 0.5 M L-propargyl-

glycine to solution in (a).
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which a slow, but reversible, process is superimposed on the irreversible
alkylation, This could be caused by the slow release of the product in

those instances when irreversible alkylation does not take place.

Molecular weight and stoichiometry of alkylation of L-alanine aminotrans-

ferase.

The information in the literature on the physical characterization
of L-alanine aminotransferase is inconsistent, The total molecular weight
was determined to be 110,000 by ultracentrifugationzsbut the same publica-
tion reported the pyridoxal phosphate content of the enzyme to be one
equivalent per 75,000 - 85,000 daltons?’® Therefore, data derived from
studies on the stoichiometry of alkylation with propargylglycine would be
of questionable value without more certain knowledge of the properties
of the enzyme,

An examination of the subunit composition by means of electrophoresis
of protein denatured in sodium dodecylsulfate (the method of Weber and
Osborﬁn) revealed one band of molecular weight 50,000 (Figure 3). Using
the phenylhydrazone assay of Wada and Sne11% the pyridoxal-phosphate
content of the preparation used in this work was found to be one equivalent
per 95,000 - 100,000 daltons.

Since inactivation of the enzyme had been found to result in total
loss of pyridoxal absorbance, it was of interest to determine whether one
or more equivalents of propargylglycine per enzyme are incorporated. As
shown in Figure 4, it was found that one equivalent of radioactivity is in-

corporated per 100,000 daltons. Therefore, modification is stoichiometric



Figure 3.

Figure 4.

il P

Molecular weight of L-alanine aminotransferase as determined
by gel electophoresis of protein denatured in sodium

dodecyl sulfate,

Elution of Sephadex G-25 column of L-alanine aminotransferase
inactivated with propargy1[2-14c]g1ycine.

In 0.5 ml of 0.1 M Tris HC1, pH 8, at 37°C, 5 mg of L-alanine
aminotransferase was incubated with 4 mM a-ketoglutarate and
5 mﬂ_DL—propargyl[2-14C]g1ycine (500 cpm/nmole) for two
hours. The solution was layered on a 1.2 x 50 cm column of
Sephadex G-25. 1.5 ml fractions were collected. Tubes
containing protein were found by their absorbance at 280 nm;
a qualitative determination of the protein concentration was
then done by the method of Lowry?’ An aliquot of each tube
was injected into scintillation fluid to determine the

radioactivity associated with the protein.
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with the coenzyme and there appears to exist one active site per two
subunits of the same molecular weight.

It must be pointed out that the evidence presented on the pyridoxal
content and stoichiometry of alkylation is dependent on determinations
of the protein concentration by the method of Lowry gE_gl,9+ A dry weight
analysis was not performed to determine the possible error in these assays.
This fact, together with possible inhomogeneity in the enzyme preparation,
casts some doubt on the validity of these experiments; they should be

repeated with a more carefully characterized enzyme preparation.

Reaction of L-alanine aminotransferase with vinylglycine.

In the first use of this olefinic amino acid with an enzyme, Rando
determined that vinylglycine rapidly causes the inactivation of L-aspartate
aminotransferase from pig heart.ll Therefore, its effect on L-alanine
aminotransferase was studied.

No inactivation was observed over a 90 minute incubation with 30 mM
DL-vinylglycine. The addition of a-ketoglutarate to incubations did not
lead to inactivation. This failure could be due to one of two causes:
the complete inertness of thé amino acid towards transamination or the
lack of susceptibility of the enzyme towards alkylation by the conjugated
olefin at the active site. Therefore, vinylglycine was examined as a
substrate for the transaminase.

In the absence of a specific assay for the vinylglycine transamination
product, 2-keto-3-butenoate, the rate of transamination was determined by

the concomitant conversion of a-keto[l4c] glutarate to L—[14C]g1utamate.
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The radioactive amino acid can be easily quantitated by its selective
adsorption onto DOWEX 50 H+, from which it can be removed with aqueous
ammonia. As shown in Figure 5A, linear production of L-glutamate over
10 minutes is observed, demonstrating that L-alanine aminotransferase
utilizes L-vinylglycine as a transamination substrate at 0.3% the rate
of L-alanine.

The data of Figure 5A also imply that the Km of vinylglycine is much
lower than that observed for L-alanine and L-a-aminobutyrate (approxi-
mately 12 mM for both amino acids). Therefore, vinylglycine was examined
as a competitive inhibitor of L-alanine transamination. As shown in
Figure 5B, the Ki of L-vinylglycine as an inhibitor of L-alanine is
0.4 mM. The reasons for this very tight binding of vinylglycine to

L-alanine aminotransferase have not been determined to date.



Figure 5.
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A: Reaction of L-alanine aminotransferase with L-vinylglycine.
In 1.0 ml of 0.1 M Tris HC1, pH 8, at 37°C, the solution
contained 2 mﬁ_u—keto[14c]g1utarate (500 cpm/nmole) and the
desired concentration of L-vinylglycine. The reaction was
started by addition of L-alanine aminotransferase (approxi-
mately 10 Units). At intervals, 0.1 ml of the incubation was
removed and injected onto a 1 ml DOWEX 50 H (400 mesh) column.
The column was washed with 10 ml water; then the glutamate was
eluted from the resin with 3.0 ml of 4N ammonia.

(a): the solution contained 2 mM.L—vinylglycine.

(b): the solution contained 5 mM_L—vinylglycine

(c): the solution contained 10 mM L-vinylglycine.

B: Competitive inhibition of L-alanine transamination by

L-vinylglycine (Dixon plot).

In 1.0 ml of 0.1 M Tris HC1, pH 8, at 37°C, the solution
contained 5 mM a-ketoglutarate, 0.2 mM NADH and 50 ug
L-lactic dehydrogenase, and the indicated concentrations of
L-alanine and L-vinylglycine, The reaction was initiated by
addition of enzyme and the rate of pyruvate formation moni-
tored by the rate of decrease in the absorbance at 340 nm.
(a): 5 mM L-alanine

(b): 7 mM L-alanine

(¢): 10 mM L-alanine

(d): 20 mM L-alanine



FIGURE S

1/ ALANINE TRANSAMINATION RATE (MINUTES/ xMOLE)
o o

-53-

" N e oo
= A | I T T o
ol e
— 1 =
E
€]
= . » |mu
\ >
/a /- 5
%, ;/ =
8 Ne e N 4 E
// >
]
|
[ =}
] | | 1 i | | | | | | 1
I 1 | | | | I | | |
— @ | ] » Alm
b_/
- 3
» /// < o
- o B » = m
— // Ism
- ﬁ/. > o =
| 1 | | | |
Q (o) Q o
rs]
& S 2 =

ILVWYLNT9 -1 [Om]  S3ITOAN



-54-

DISCUSSION

The inactivation of pyridoxal enzymes caused by propargylglycine has
been proposed to occur through the enzyme catalyzed rearrangement (Scheme IT)
of the phosphopyridoxal linked acetylenic imine (2) to the conjugated allene
(3), thus producing at the active site a species which is very susceptible
to nucleophilic attack at carbon i ™ Propargylglycine was originally con-
sidered to be a highly selective enzyme inactivator as ''only those pyridoxal
dependent enzymes which abstract substrate B-hydrogens should catalyze
their destruction by propargylglycine."”gTherefore, this suicide substrate
was first reacted with, and found to inactivate, y-cystathionase, an enzyme
which catalyzes a y-elimination reaction®

The hypothesis that propargylglycine would be a selective inactivator
of the relatively few pyridoxal enzymes which labilize B-hydrogens as a
necessary feature of their catalysis has been proven not to be correct,
as it has been shown that (at least) one pyridoxal phosphate dependent
transaminase, L-alanine aminotransferase, rapidly catalyzes the exchange of
g-hydrogens with solvent DZO' The transaminase catalyzed exchange of the
methyl hydrogens of L-alanine was first (in 1959) observed by Oshima and
Tamiyasi who recovered tetradeutero L-alanine (identified by its infrared
spectrum) from incubations of enzyme, L-alanine, and a catalytic amount of
a-ketoglutarate. To account for their observations, they proposed a mechanism
in which the B-hydrogen is removed before the a-hydrogenfﬁthis was unfortunate
because the proposal brought immediate ridiculé®and led to acceptance that

"it seems more likely that the observed exchange is due to the enolization
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of the pyruvate formed in the reversible transamination reaction.'”’

Oshima and Tamiya did not examine carefully the kinetics of the
exchange and they did not report the appropriate control ekperiments to
rule out the non-enzymatic reaction as the cause of their observations.
However, in retrospect it is obvious that the rate of exchange implied
by their data is far greater than can be accounted for by pyruvate enoli-
zation (t1/2= 100 min at pH 8)%® It was many years before the problem was
properly reexamined.

In 1974, Babu and Johnston reported that the nuclear magnetic resonance
signals of both the o and B hydrogens of L-alanine rapidly disappear upon
incubation of L-alanine , L-alanine aminotransferase, and a catalytic quan-
tity of pynw:at’te.78 In the absence of added keto acid, the enzyme is wholly
converted to the pyridoxamine form (only a stoichiometric amount of keto
acid is produced) and further reaction with L-alanine cannot occur. The
added pyruvate ensures that the equilibrium reaction will continue, Fol-
lowing the work of Babu and Johnston, three other group5878%ave independently
examined the problem. The most complete work is that of Cooper?’who used
pulsed fourier transform NMR to study the exchange reaction. The following

is a summary of the evidence on the mechanism of the exchange reaction,

1. The exchange rate of the o-hydrogen is 3(’% 37% the transamination
rate: this implies a large degree of sequestration of the a-proton,

probably at the C4' position of the pyridoxal coenzyme, (Scheme III)

2. The rates of disappearance of the resonances of the a-and g hydro-

gens are nearly identical;”® therefore, the rate of exchange of each
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B-hydrogen is approximately three times that of the o hydrogen.,

3. Intermediate species can be observed in the incubation which have
1H at carbon 2 while 2H at ' carbon 3 of L-alaniné? Since the B-hydro-
gen cannot be removed before the a , this evidence is corroborative of

the sequestration of the o hydrogen at C4' of the coenzyme.

4. It is possible that there could exist transfer of the B-hydrogen
to the a-carbon. Attempts to demonstrate this phenomenon with
2—[2H]-3—[1H]-a1anine were unsuccessful; mno hydrogen was visibly in-

corporated into the o positioﬁ?
5. The exchange rates are independent of PH between 5 and 857

6. There is no detectable exchange of the B-hydrogens of L-glutamate

under the same conditions.79

Whether there are one or more bases at the active site is a matter open
to speculation. The lysine which is linked to the coenzyme in the resting
enzyme has the required flexibility, but the polyprotic nature of the amino
group would make likely transfer of hydrogens from the B to the a position.
Also, since lysine has been found to be at the active site of all pyridoxal
enzymes examined?zrapid B-hydrogen exchange might be expected to be a more
general feature of pyridoxal catalysis. L-alanine aminotransferase is the
only transaminase which has been reported to carry out such an exchange.
Finally, the rate of exchange of a e-amino group of a lysine has been esti-
mated at 10 sec_l?gunless another base is present at the active site to

facilitate exchange to the media, lysine is kinetically incompetent to ex-



s

the 8-hydrogens at a rate approximately equal to the transamination rate
(1100 sec'l) o

If there is a second base present at the active site, the imidazole
moiety of a histidine residue is a possibility. The rate of exchange of
histidine with solvent D,0 could be fast enough (10°-10% sec-lj to account
for the observed rate, but a significant perturbation of the normal pKa
of histidine (6.0) would be required to account for the pH independence
of the rate of exchange. Perhaps the most attractive possibility is
a carboxylate base (from glutamate or aspartate), since it would exchange
very fast (107 sec_1?9and wouldhaveru)pﬂ sensitivity over the observed
range,

Since the exchange reaction has been shown to proceed so rapidly,
the only probable obstacle in the inactivation of this enzyme with propar-
gylglycine is the severe substrate specificity of the enzyme, L-%-amino-
butyrate is transaminated at 1% and L-norvaline at 0.2% the rate of L-ala-
nine/® Propargylglycine causes rapid inactivation; because the enzyme
catalyzes one catalytic transamination before suffering loss of activity,
the rate of reaction of the suicide substrate and the enzyme can be esti-
mated at twice the observed inactivation rate. Therefore, propargylglycine
has been shown to react with the enzyme (1.2 minﬁl) at less that 0,01% the
rate of L-alanine (1100 sec-lj but this does not prevent rapid inactivation
of the enzyme.

The residue involved in the inactivation has not vet been identified;

it will be of interest to determine whether the residue alkylated is the

lysine involved in pyridoxal binding or a second base at the active site.
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The fact that the enzyme remains in the pyridoxamine form upon inactivation
implies that the enzyme has lost the ability to catalyze the transaldimina-
tion reaction after suffering alkylation. In contrast, y-cystathionase

has been found to be in the pyridoxal form after inactivation by propargyl-
glycine® ; therefore, that enzyme retains the capability to catalyze the
transaldimination and release the amino acid. Washtein and Abeles were
unable to isolate the alkylated amino acid from inactivated y-cystathionase
(the linkage is too rapidly hydolyzed under the isolation procedures);
studies on the kinetic lability of the linkage led them to propose a
cysteine or tyrosine residue as the susceptible nucleophile.%0

The inactivation of L-alanine aminotransferase with L-propargylglycine
occurs with incorporation of one equivalent of alkylating agent per bound
pyridoxal phosphate coenzyme. The enzyme has been found to consist of
two subunits of molecular weight 50,000 with only one pyridoxal for the
two subunits. No other pyridoxal dependent enzyme has been shown to have
a similar structure,

The other major transaminase of heart muscle, L-aspartate aminotrans-
ferase 8has also been examined as to its exchange of the B-hydrogens. Babu
and Johnston reported that this enzyme '"catalyzed similar exchanges of o and

B-hydrogens of L-alanine but at a much slower rate'" than L-alanine amino-
transferase.® Cooper observed a similar loss of NMR signals but could not
rule out the nonenzymatic reaction as the cause.”? Cooper also reported no
enzyme catalyzed exchange of the g-hydrogens of L-glutamate. In contrast,
Walter gz_glgistated that radioactivity from 3—[3H]—L—glutamate is released

into the medium. However, this rate is slow (1.4% of the transamination
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rate) and it is uncertain that nonenzymatic exchange was properly ruled
out.

L-aspartate aminotransferase is highly specific in the reaction it
catalyzes: the interconversion of the four and five carbon a-amino and

a-keto dicarboxylic acids.g1

NH. " 0
- 3 ; I i}
OOC-CHZ-?—COO OOC-CHZ—C—COO

Enzyme-pyridoxal-phosphate

+ +
+
NH
- I . - I 300_
00C-CH,~CH,,-C-C00 OOC-CHZ-CHZ—?—C
H

L-alanine is a poor substrate (0.01%) and exhibits a very high Km
(>2M). Interestingly, addition of high concentrations of monocarboxylic
anions greatly enhances the rate of alanine transamination; 3 N potassium
formate causes a 200 fold increase in the rate”! As the size of the carbox-
ylic anion is increased, its ability to enhance the reaction decreases;
however, acetate, propionate, and butyrate all cause significant increases
in the rate of enzyme catalyzed transamination of L-alanine??

The mechanism of the enhancement of L-alanine transamination has been
proposed to occur through the binding of the carboxylate anion at the
binding site of the y-carboxyl of L-glutamate. Space filling models have
purportedly shown the similarity between the shape of glutamate and the
combination of alanine and formate* This simplistic rationale cannot be
wholly correct, as the combination of alanine and the other anions is much

larger than can be accomodated in a site suited for glutamate.

L-aspartate aminotransferase was found by Tanase and Morino to be
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only slowly inactivated by 0.1 M L-propargylglycine (tl/2 =5 hrs)?} The
rate of inactivation was greatly increased by addition of 3 N potassium

formate (t = 5 min)., Addition of keto acid is necessary for complete

1/2
inactivation, implying a partition between catalytic turnover and inacti-
vation. Tanase and Morino did not report a partition ratio, but an exami-
nation of their spectral data reveals no more than 5 turnovers before
inactivation?3 As with L-alanine aminotransferase, the enzyme remains
in the pyridoxamine form after suffering inactivation. The identity of
the alkylated residue has not yet been reported.

Inactivation of a pyridoxal enzyme by propargylglycine has been
claimed to be "diagnostic of the catalytic capacity of that enzyme to
form R-carbanionic species."”9 However, the methylene protons of the
pyridoxal bound acetylenic imine (2 of Scheme II) are rendered much more
acidic than the alanine protons; and examination of the reactions of
this type of molecule will be presented in Chapter III. This enhanced
reactivity of the B-hydrogens makes it possible that enzymes will be found
to be susceptible to propargylglycine which, like L-aspartate aminotrans-
ferase, do not in any other way reveal their latent capacity to catalyze
removal of the B-protons. Therefore, in the design of inactivator speci-

fic for a target enzyme, all latent activities, as well as those known to

be necessary in catalysis, must be taken into account,
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B. D-AMINO ACID TRANSAMINASE: REACTIONS WITH VINYLGLYCINE AND

PROPARGYLGLYCINE,

One of the distinct properties of bacterial metabolism is the
use of D-alanine and D-glutamate in the construction of bacterial cell
walls, Thus, it is not surprising that bacteria contain enzymes specific
for D-amino acids as well as the L-amino acids which constitute their
proteins. Enzymes which synthesize D-amino acids by epimerization are
known, such as the pyridoxal phosphate dependent enzyme alanine racemase, -
as well as transaminases which utilize D-amino acids and the corresponding
keto acids.

The D-amino acid transaminases isolated from species of Bacillus have

%o be relatively non-specific in their action of D-amino acids

been foun
and keto acids; therefore, it would be expected that vinylglycine and
propargylglycine would serve as good substrates, as well as potential
inactivators. The following section of this paper reports on the reactions
of these amino acids with the D-amino acid transaminases,

The preparation of the D-amino acid transaminases from Bacillus

subtilis and Bacillus sphaericus was performed in the laboratory of

Professor James Manning at Rockefeller University. The experiments
on the B. subtilis enzyme were done by the collaborators in New York
and are included for comparison with the results of studies with the

B. sphaericus enzyme done as a part of this work,
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EXPERIMENTAL SECTION

Enzymes and Reagents: D-amino acid transaminase from Bacillus subtilis

168 and Bacillus sphaericus ATCC 14577 were prepared in the laboratory

of Professor Manning using modifications’ of published proceduresiﬁ596
L-aspartate aminotransferase, lactic dehydrogenase, NADH, c-amino acids
and a-keto acids were purchased from Sigma. DL-vinylglycine was prepared

by the method of Rando.l! A1l other chemicals were commercial available

reagent grade materials.

Methods: D-amino acid transaminase activity was observed by its transamina-
tion of D-alanine and a-ketoglutarate at pH 8.5, in the presence of NADH
and lactic dehydrogenase. The rate of pyruvate formation was measured

by the rate of decrease in the absorbance of NADH at 340 nm (e 6220).
Experimental details of the work on the inactivation of the D-amino

acid transaminases with vinylglycine is provided in the legends of

Figures 6-10,
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RESULTS

Inactivation of Bacillus subtilis and Bacillus sphaericus D-amino acid

transaminases by vinylglycine.

Upon incubation of the D-amino acid transaminases from B. subtilis and

B. sphaericus with vinylglycine, no loss of activity can be observed.

Addition of a-keto acid to an incubation of the enzyme and vinylglycine
results in the rapid loss of transaminase activity.

The kinetics of inactivation of the B. subtilis and B. sphaericus

enzymes are presented in Figures 6A and 7A. Both inactivation processes

are first order in the early part of the reaction, but both show deviations
from simple kinetics as the reaction procedes towards completion. The Km's
of DL-vinylglycine derived from Figures 6B and 7B are 2 mM for both enzymes

but the maximal rate of inactivation observed for the B. sphaericus enzyme

(1.9 min_l) is five fold higher than that observed for the B. subtilis
enzyme (0.36 min-l). The Km of DL-vinylglycine is approximately the same
concentration as the K of D-alanine with these enzymes,’® consistent with

vinylglycine being recognized by the enzyme as a good substrate.

Direct analysis of vinylglycine transamination.

Because no inactivation is observed upon incubation of vinylglycine
and the D-amino acid transaminases in the absence of added a-keto acid
it was considered probable that the alkylation process occurs only rarely
in the reaction of vinylglycine and enzyme; i.e., for the most part the

reaction results in catalytic transamination as with any other amino acid
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A: Time dependent inactivation of Bacillus sphaericus D-amino

acid transaminase by DL-vinylglycine.

In 1.0 ml of 0.05 M potassium pyrophosphate, pH 8.5, the
solution contained at 25°C:

10 mM a-ketoglutarate,

desired concentration of DL-vinylglycine,

200 uM NADH, and 50 ug L-lactic dehydrogenase.

The reaction was initiated by addition of 1.3 pg D-amino acid
transaminase. After the desired interval of incubation, the
remaining enzyme activity was measured by addition of 25 ul of
1 M D-alanine to the solution. The rate of alanine transamina-
tion was obtained from the rate of decrease in the absorbance
of NADH at 340 nm.

(a): 0.5 mM DL-vinylglycine

(b): 1.0 mM DL-vinylglycine

(¢c): 2.0 mM DL-vinylglycine

(d): 5.0 mM DL-vinylglycine

B: A plot of the reciprocal of the rate constant for inactiva-
tion from A versus the reciprocal of DL-vinylglycine concentra-

tion,
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Figure 7. A: Time dependent inactivation of Bacillus subtilis D-amino

acid transaminase by DL-vinylglycine,

In 3.0 ml of 0.33 M potassium phosphate, pH 8.5, at 25°C,

the solution contained 1.0 mM DL-vinylglycine.

The reaction was initiated by addition of 60 ug D-amino acid
transaminase. After the desired interval of incubation, D-ala-
nine was added to the incubation (final concentration 25 mM)
and the transaminase activity determined with the NADH /
L-lactic dehydrogenase coupled assay of pyruvate.

(a): no added a-keto acid

(b): with 25 m@_a—ketoglutarate.

B: Plot of the reciprocal of the rate of inactivation of

Bacillus subtilis D-amino acid transaminase versus the recip-

rocal of DL-vinylglycine concentration., D-amino acid trans-
aminase was incubated at 25°C with 25 mM o-ketoglutarate and
the indicated concentrations of DL-vinylglycine, After 10
minutes, the inactivation was stopped by addition of 25 mM
D-alanine and the transaminase activity determined with the

NADH / lactic dehydrogenase coupled assay of pyruvate.
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substrate, Therefore, a relatively large number of turnovers before inacti-
vation was expected, and the partition should be directly measurable by the
number of a-keto acid molecules produced by a given quantity of enzyme.
Since there is no convienint assay for the vinylglycine transamination
product, 2-keto-3-butenoate (radioactively labeled vinylglycine was not
synthesized), catalytic transamination was observed by the concomitant
conversion of u—keto[l4C]g1utarate into D—[14C]g1utamate.

The procedures used for the analysis of the number of turnovers before
inactivation of the two enzymes were somewhat different, but based on

a similar principle. The experiments on the B. sphaericus enzyme were

perfomed by selectively adsorbing the glutamate formed onto a DOWEX 50 o
resin., After an elution with water to remove o-ketoglutarate, the amino
acid was eluted from the resin with 4N ammonia. The Rockefeller group
performed similar experiments on the B, subtilis enzyme; - they: used
an amino acid analyzer of the design of Spackman EE_E&?tO separate the
a-ketoglutarate and glutamate,

The data of Figure 8 illustrate the production of [14C] glutamate as

a function of time at three concentrations of B, sphaericus D-amino acid

transaminase, The amount of [14C] glutamate at 20 minutes was 58 nmoles
for 6.7 ugrams of enzyme, 100 nmoles for 13.3 pgrams, and 128 nmoles for
20pugrams. As the enzyme concentration is increased, it is likely that a
fraction of the enzyme is alkylated by a molecule of 2-keto-3-butenoate
produced by transamination by another enzyme molecule, resulting in

a progressive decrease in the number of catalytic transaminations per

equivalent of enzyme. The data reveal that approximately 450 turnovers
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Figure 8. Production of D—[14C]g1utamate from a—keto[14c]g1utarate and

DL-vinylglycine catalyzed by Bacillus sphaericus D-amino acid

transaminase,

In 1.0 ml of 0.05 M potassium pyrophosphate, pH 8.5, the solution
contained at 25°C:

2 mM DL-vinylglycine

1 mM a-keto[14C]glutarate (1000 cpm/nmole).

The reaction was initiated by addition of D-amino acid transami-
nase. At intervals, 100 u1 was removed from the incubation and
injected onto a 1 ml DOWEX 50 H* (400 mesh) column. Each column
was washed with 10 ml water, then eluted with 3.0 ml 4 N

ammonia to determine the [14C] glutamate attached to the resin.
(a): 0 ug D-amino acid transaminase (control).

(b): 6.7 ug transaminase

(c): 13.3 pg transaminase

(d): 20 ug transaminase
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are catalyzed by the enzyme before suffering loss of activity.

The data of Figure 8 futher indicate that there is a slow but real
increase in the amount of [14C] glutamate formed at 10, 15, and 20 minutes.
The residual rate corresponds to about 1% of the estimated initial rate,
i.e., the enzyme is 99% inactivated. Large enough quantities of enzyme
were not available to conduct spectroscopic experiments which would demon-
strate the catalytic competence of all of the enzyme molecules following
alkylation.

The number of turnovers before inactivation of the B, subtilis enzyme
upon incubation with vinylglycine was also determined. Figure 9 shows the
relationship between [14C] glutamate production and remaining enzyme acti-
vity. With time, both the rate of glutamate production and remaining
enzyme activity fall off in parallel. After 10 minutes, at 50% inactiva-
tion, about 20 nmoles of [14C]g1utamate had been generated resulting in
inactivation of 0.025 nmole of transaminase--about 800 turnovers before

inactivation.

Effect of thiol nucleophiles on inactivation of D-amino acid transaminase

by vinylglycine.

It is possible that the inactivation of the enzymes could occur by
attack on enzyme nucleophiles not at the active site by the 2-keto-3-buten-
oate released into solution. To test this possibility, incubations of

B. sphaericus enzyme, DL-vinylglycine, and a-ketoglutarate were performed

in 5 mM dithiothreitol, which has been found? to protect L-hydroxy acid

oxidase from inactivation by DL-vinylglycolate (2-hydroxy-3-butenoate),
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Relationship between production of D-[14C]glutamate from
DL-vinylglycine and u—keto[14C]g1utarate and the inactivation

of D-amino acid transaminase from Bacillus subtilis.

In 2.0 ml of 0.33 M potassium phosphate pH 8.5, the solution
contained at 22°C:

1.0 mM DL-vinylglycine,

2,0 mM u-keto[14C]g1utarate (6000 cpm/nmole).

The reaction was initiated by addition of 30 ug D-amino acid
transaminase, At each interval, two 0.1 ml aliquots were
removed. One aliquot was added to citrate buffer, pH 2.2, and

a portion of this sample applied to the amino acid analyzer.

At this pH, the D-amino acid transaminase is rapidly inactivated;
this aliquot measures the production of glutamate in the reaction
mixture from vinylglycine and a-ketoglutarate. To the second 0.1
ml aliquot, 3 ul of D-alanine (0.75 M) was added and incubated
at 22°C for 5 minutes. The increase in [14C] glutamate was
determined as indicated above, The difference in the amounts

14

of [ 'C] glutamate in the two aliquots represents the activity

remaining in the reaction mixture.
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the enzymatic oxidation of which results in the formation of the same
electrophile.

Although this concentration of dithiothreitol had no effect on
enzyme stability or the rate of transmamination of D-alanine and a-keto-
glutarate, the rate of inactivation was increased. As shown in Figure 10,
25% fewer tunovers were observed from incubations containing dithiothreitol
than those of controls, Overnight dialysis versus 1 mM dithiothreitol did
not produce an enzyme more susceptible towards vinylglycine. The role
of thiol in enhancing the inactivation of D-amino acid transaminase with

vinylglycine has not yet been determined.

Reaction of propargylglycine with the D-amino acid transaminases.

In preliminary experiments, propargylglycine has been found to slowly
inactivate the B. subtilis enzyme, but only after the enzyme catalyzes
at least several thousand transaminations of propargylglycine, The

B. sphaericus enzyme was found to have no susceptibility to propargyl-

glycine in a 30 minute incubation, Whether these transaminases have the
capacity to exchange the B-hydrogens of D-alanine has not yet been deter-

mined.

Comparison of the reaction of D-amino acid transaminase and L-aspartate

aminotransferase with vinylglycine.

As stated previously in this paper, L-aspartate aminotransferase from
pig heart is rapidly inactivated upon incubation with vinylglycine.11 But

in marked contrast to the bacterial D-amino acid transaminases, no stimula-
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Effect of dithiothretol on the number of catalytic trans-

aminations of vinylglycine by Bacillus sphaericus D-amino acid

transaminase before suffering inactivation.

14C]—glutamate was by the

The assay of the production of D-|[
same method as that described in the legend to Figure 8.
In 1.0 ml of 0.05 M potassium pyrophosphate, pH 8.5, the
solution contained at 25°C:

2 mM DL-vinylglycine

1 mM_u—keto[l4C]glutarate (1000 cpm/nmole).

The reaction was initiated with 13 ug D-amino acid transaminase.

(a): the solution contained 0 mM dithiothreitol.

(b): the solution contained 5 mM dithiothreitol.
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tion by a-keto acids on the rate of inactivation is observed. Also no
significant formation of L-[14C]g1utamate from @—keto[14c]g1utarate is
detected upon reaction of L-aspartate aminotransferase and vinylglycine
in the presence of the radioactive keto acid. Therefore, this inactivation
must procede very efficiently, i.e., with no significant partition between

inactivation and transamination,
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DISCUSSION

The possible pathways for the reaction of vinylglycine with the
D-amino acid transaminases are delineated in Scheme IV, Two of these
mechanisms lead to enzyme inactivation by covalent alkylation (pathways
2 and 4) while the other two (pathways 1 and 3) lead to catalytic turn-
over and g-keto acid production: 2-keto-3-butenoate by pathway 1 and
2-ketobutyrate by pathway 4, It is also clear from Scheme IV that these
four routes are grouped pairwise from two different intermediates, which
are formed by prototropic shifts from the initial aldimine adduct between
vinylglycine and the pyridoxal coenzyme.

If the initial adduct is converted by route A to the '"normal' trans-
aminase ketimine complex, then hydrolysis of the imine (pathway 1) would
yield 2-keto-3-butenoate, with the enzyme being converted to the pyridox-
amine form. Should inactivation take place from this complex, it would
be the result of attack by an enzyme nucleophile at carbon 4 of the
vinylglycine molecule (pathway 2).

On the other hand, if the initial aldimine adduct, after enzymatic
abstraction of the a-hydrogen as a proton, can undergo a 1,3 prototropic
shift, the product (route B) will be an enzyme bound eneamine, Hydrolysis
of the eneamine (pathway 3) would yield 2-ketobutyrate and the pyridoxal-
phosphate form of the transaminase. If the product eneamine complex is
captured instead by an enzyme nucleophile, inactivation would again ensue.
But pathway 4 is distinct from pathway 2 in that pathway 4 would predict

covalent bond formation at carbon 3 of the inactivatox, The situation is
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further complicated by the possibility that the bound eneamine and bound
imine might well be in equilibrium, as is shown in Scheme IV,

Mechanism B3 has been proposed to explain the production of 2-keto-
butyrate from L-vinylglycine by the following pyridoxal-phosphate depen-
61

. . . 9 . .
dent enzymes: sheep liver threonine deamlnase? rat liver y-cystathionase,

Escherichia coli tryptophan synthetase® and Salmonella typhimurium cysta-

thionine-y-synthase®® However, no catalytic production of 2-ketobutyrate
is observed on incubation of vinylglycine and the D-amino acid transami-
nases, which rules out possibility B3 as a significant path to product
formation,

D-Vinylglycine is a transaminase substrate when a-ketoglutarate is
present as measured by the conversion of radioactive a-ketoglutarate to
radioactive D-glutamate, This result suggest pathway Al is responsible
for vinylglycine turnover and implies that the product is 2-keto-3-butenoate.
If path Al is responsible for catalytic turnover, then it seems more pro-
bable that inactivation occurs by way of pathway A2 rather than B4,
However, despite the fact that there is no evidence that the D-specific
transaminase can isomerize vinylglycine to an eneamine product, it is pos-
sible that branch B could occur occasionally, and could be responsible for
inactivation. This issue must be left in doubt until the identification
of the enzyme inactivator linkage is elucidated, indicating which carbon
is attached to the enzyme residue.

The production of 2-keto-3-butenoate during catalytic turnover leaves
the enzyme molecules in the pyridoxamine-phosphate form, unable to undergo

further reaction with another molecule of vinylglycine, or any other D-amino
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acid, in the absence of added keto acid. These enzyme molecules are thus
protected from inactivation that would proceed during many catalytic cycles,
explaining the insensitivity of the D-transaminase in the absence of keto
acid. The efficiency of vinylglycine in causing inactivation of the D-amino
acid transaminases is low for both enzymes, 0.22% for any given catalytic

cycle for the B. sphaericus enzyme and 0,.15% for the B, subtilis enzyme.

These low partitioning ratios between inactivation and normal cata-
lytic transamination contrast with the susceptibility of pig heart L-aspar-
tate aminotransferase to L-vinylglycine.l1 This enzyme must be nearly
100% inactivated in any cycle in which it acts upon vinylglycine. The
basis for the different partitioning ratios must be due to the detailed
geometry of the active site and the position of the susceptible nucleo-
phile relative to the electrophile during the catalysis. Such factors
could lead to a kinetic difference between the rates of hydrolysis of the
bound imine versus the rate of nucleophilic attack. Similarly unclear
at the molecular level is why L-alanine aminotransferase binds L-vinylglycine
more tightly than its physiological substrates, has been shown to have
an appropriately placed base at the active site, yet undergoes no inactiva-

tion while carrying out the transamination reaction.
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CHAPTER III

ACTIVE SITE DIRECTED INACTIVATION OF FLAVOPROTEIN AMINO ACID OXIDASES WITH

ACETYLENIC AND OLEFINIC SUBSTRATE ANALOGUES
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Unlike pyridoxal enzymes, for which many active site directed enzyme
inactivators have been developed, the flavoprotein oxidases of amino acids,
D-amino acid oxidase (usually isolated from hog kidney) and L-amino acid
oxidase (from rattlesnake venom) have proven much less susceptible to in-
activation.

Flavoprotein oxidases of g-hydroxy acids and alkyl amines have been
found to be inactivated upon incubation with acetylenic substrate analogues,
the unsaturation being placed adjacent to the carbon undergoing oxidationy ® %

The invariant result is loss of activity due to modification of the coenzyme;

the structure of the covalent flavin adducts produced in two such cases have

been determined?9100
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H"‘~N(CH3)2
from inactivation of from inactivation of
lactic 2-monooxygenase monoamine oxidase with
with 2-hydroxy-3-butynoate N,N dimethylpropargylamine

As shown in Scheme I, the modification of the flavin arises by one of
two mechanisms: A, removal of the a-hydrogen as a proton followed by attack
of the allenic anion thus formed on the oxidized coenzyme; or B, oxidation
of the substrate followed by attack of the reduced coenzyme on the elec-
trophilic product before it can be released. Since the two pathways
lead to the samemodified coenzyme structures, a conclusive argument

as to> the mechanism cannot be made. However, incubation of the enzymes
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with the corresponding olefinic substrate analogues has never been found
to result in coenzyme modification, Since the oxidation product, a conju-
gated olefin, should also be susceptible to attack by the reduced coenzyme
(analogous to pathway B), the failure to observe such inactivation has been
argued®?’100 to favor the allenic anion mechanism (pathway A) for the acety-
lene induced inactivation,

In view of the preceding discussion, the logical compound to similarly

inactivate the amino acid oxidases would be 2-amino-3-butynoate. It would

NH ¥ be interesting to compare the interaction of vinyl-
L2 .

H-C=C-C-C00 glycine and "ethynylglycine" with the pyridoxal and
|
H

flavin dependent enzymes studied in this work. How-
ever, the synthesis of this amino acid has not to date been accomplished in
spite of the efforts of a number of research laboratories, 10l

Vinylglycine and propargylglycine, the two amino acids used earlier
in studies with pyridoxal enzymes, were examined as substrates and possi-
ble inactivating agents of the flavoprotein amino acid oxidases, Vinyl-
glycine was considered a likely inactivator; oxidation of this amino acid

would result in the formation of 2-imino-3-butenoate at the active site,
NH3+ NH
| - [0x] _ ] -
H2C=CH—(I3—COO - HZC'—CH—C = CO00
H

a conjugated olefin similar to that previously shown to be responsible for

inactivation of several pyridoxal enzymes,
On the other hand, propargylglycine oxidation yields 2-imino-4-penty-
noate, a species which should not be reactive at the active site. Only upon

isomerization of the acetylene to the electophilic conjugated allene should
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+

NH NH NH
3 [0x] [ - 29 1 .

H—CEC-CHZ—(I:-COO _——— H-CEC-CHZ—C-COO —_— Hzc=C=CH—C-COO
H

inactivation be induced, Neither flavoprotein oxidase had been shown to
catalyze removal of the B-hydrogen, the necessary requirement for the rear-
rangement to occur. (Because of the irreversibility of the reaction and
the acidity of the B-hydrogens of the keto-acid product, it would be
difficult to conclusively prove or disprove this point.) Thus suscep-
tibility of either of the two enzymes to propargylglycine would demon-
strate a catalytic potential not before recognized.

Complementary specificity towards inactivation of these two enzymes
was observed -- L-amino acid oxidase being alkylated upon its oxidation of
vinylglycine and D-amino acid oxidase upon oxidation of propargylglycine.
Both inactivations resulted from modification of an amino acid residue
rather than the bound flavin coenzyme., The remainder of this chapter
describes the experiments on the reactions and inactivation of these

flavoproteins with these amino acids.
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A. REACTION OF VINYLGLYCINE WITH L-AMINO ACID OXIDASE AND D-AMINO ACID

OXIDASE
EXPERIMENTAL SECTION

Materials: L-amino acid oxidase (listed as 5.2 units/mg) was purchased
from Sigma chemical and dialyzed against 0.1 M Tris HC1 pH 8 before use.
The ratio of absorbances at 275 nm and 463 nm was 20 for the commercial
enzyme, two times that of the crystalline enzymell? D-amino acid oxidase
was purified to 70% homogeneity (through the calcium phosphate/cellulose
column step) by the method of Brumby and Massey%o3 DL-vinylglycine was
synthesized as described by R, Randol! Other chemicals were reagent

grade.

Methods: The enzymatic oxidation of vinylglycine was observed by the
consumption of oxygen in a 0.4 ml cell fitted with a Clarke-type electrode
(Yellow Springs Instruments Model 53 oxygen monitor). Kinetic assays were
performed on a Gilford Model 222 spectrophotometer. Electronic absorption
spectra were recorded on a Beckman model 25 spectrophotometer.

The enzymes were preincubated with vinylglycine by stirring a solution
of vinylglycine and the enzyme in the appropriate buffer containing catalase
(and FAD with D-amino acid oxidase). Aliquots of the solution were removed
at intervals to determine the residual enzyme activity. D-amino acid
oxidase was assayed by its oxidation of D-alanine; L-amino acid oxidase
by its oxidation of L-a-aminobutyrate. In both cases, the rate of reaction
was measured by coupled spectrophotometric assay of the products with

NADH and L-lactic dehydrogenase.
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RESULTS

Reaction of L-amino acid oxidase with vinylglycine,

Under initial velocity conditions, vinylglycine is a good substrate
for L-amino acid oxidase. The measured maximal velocity of oxidation was
11 umoles min ™ mg_l (25°C, 0.1 M Tris HC1, pH 8), which was found to be
near the maximal velocity of L-leucine (the most commonly assayed sub-
strate) under the same conditions. The Km of DL-vinylglycine is, however,
higher--at 8 mM compared with 1 mM reported for L-leucine!™

Initially, the reaction of L-amino acid oxidase with vinylglycine was
examined in the hopes of using the enzyme to selectively oxidize L-vinyl-
glycine in a racemic mixture of the amino acid so that the D-isomer could
be recovered and used with the pyridoxal transaminases discussed earlier.
An incomplete resolution by this procedure had been reported?+ when efforts
to produce optically pure D-vinylglycine in this manner were similarly
unsuccessful, the reasons for this failure were investigated.

The oxidation of vinylglycine by L-amino acid oxidase results in
progressive, time-dependent inactivation of the enzyme (Figure 1A). The
inactivation is irreversible; dialysis overnight against a large excess of
buffer restores no more than 3% of the original activity. By analysis of
the amount of oxygen consumed before inactivation is complete, it can be
calculated that each molecule of L-amino acid oxidase oxidized about 2000
vinylglycine molecules before suffering loss of activity.

On chemical grounds, the likely inactivator is not the amino acid

substrate but rather the product of the enzymatic oxidation, 2-imino-3-



Figure 1.
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Time course of reaction of L-amino acid oxidase with
DL-vinylglycine, The oxygen elctrode chamber contained,
in 0.4 ml 0.1 M Tris HC1, pH 8.0, 6.25 mM DL-vinylglycine
and 2 ug catalase. At 0 minutes, 8 ug oxidase was
added.

The rate of inactivation of L-amino acid oxidase with
DL-vinylglycine derived from data in part A. The

T1/2 of inactivation was found to be 3.4 minutes.
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butenoate. Because of accumulation of the electrophilic olefinic keto acid,

produced via non-enzymatic hydrolysis of the imino acid, it was possible
that the observed inactivation was the result of non-specific alkylation of

available enzyme nucleophilic groups.

F non-enzymatic
H2c1=—-CH —(I:— coo~ — fox] H2C=CH —;(,:— C00~ ——= H2C=CH— Ic— coo~
I
NH3+ NH 0

The data of Figure 1B suggest that the inactiﬁation follows first
order kinetics., At 6.25 mM DL-vinylglycine, the half time for inactiva-
tion at room temperature is 3.4 minutes. This rate behavior is consis-
tent with inactivation proceding from an enzyme-substrate (or enzyme-
product) complex rather than by some collisional interaction of enzyme
and inactivator.

The non-specific alkylation of enzyme nucleophiles appears to
operate in the inactivation of the FMN dependent (rat) kidney L-hydroxy
acid oxidase by 2-viny1g1ycolate?2 In that case, a time dependent inacti-
vation is observed, but addition of exogenous low molecular weight nucleo-
philes, such as dithiothreitol, completely protects the hydroxyacid oxidase

by removing the electrophile from solution.”

H
| w
H2C—CH"F‘-COO oxidase HZC_CH—}CI:

_ Alkylated
OH 0

L-hydroxy acid
Enzyme

co0” —

When dithiothreitol was added to incubations of L-amino acid oxidase
and DL-vinylglycine, similar protection was not observed. Since the same
electrophilic inactivator is presumed to accumulate in both cases, this

lack of protection suggest that L-amino acid oxidase in inactivated due
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to covalent modification at the active site of the enzyme prior to release.
A point of interest is whether inactivation involves an active site
amino acid residue or involves reaction with the flavin coenzyme. Addi-
tion of FAD to incubations did not alter the kinetics of inactivation,
nor did dialysis after inactivation against buffer containing 10 uM FAD
lead to any significant recovery of activity. The visible absorbance
spectrum of the enzyme was examined before and after incubation with
DL-vinylglycine (Figure 2). The spectrum was altered, but the long
wavelength absorbance of FAD had not been bleached. If addition to the
isoalloxazine ring of the coenzyme had occurred, major electronic per-
turbations would have been detected.* 9 The flavin spectrum of vinyl-
glycine inactivated L-amino acid oxidase is quite similar to the bound
flavin spectrum of 2-vinylglycolate inactivated L-hydroxyacid oxidase. ™
In the latter case, the released flavin was not radioactive when
2-vinyl[1—14C]glycolate had been used. Therefore, it is likely that

vinylglycine inactivates L-amino acid oxidase by an amino acid modifi-

cation at the active site.

Reaction of D-amino acid oxidase with DL-vinylglycine.

With D-amino acid oxidase, DL-vinylglycine is a good substrate.
It has a Km of 0.96 mM and a maximal velocity 125% that of D-alanine. In
sharp contrast to the behavior of L-amino acid oxidase, no inactivation was
observed during a one hour incubation. Since the stability in solution of
the oxidation product, 2-keto-3-butenoate, has not been determined, its

concentration in these incubations is unknown. However, it does accumu-



Figure 2.
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Spectral changes on inactivation of L-amino acid oxidase with
DL-vinylglycine.
(a): spectrum of 1 mg of L-amino acid oxidase in 1 ml of

0.1 M Tris HC1, pH 8.

(b): after complete inactivation with 10 mg of DL-vinylglycine
followed by dialysis against Tris HC1 buffer (spectrum
corrected for changes in concentration by normalizing
absorbaces at 275 nm).

(c): [Inactive enzyme of B heated to 100°C for 5 minutes,
protein removed by membrane filtration, and spectrum of

the supernatant recorded.

-
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late sufficiently to cause inactivation of L-hydroxy acid oxidase” whereas

D-amino acid oxidase appears to be insensitive.
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DISCUSSION

A number of points in the mechanism of the inactivation of L-amino
acid oxidase with vinylglycine could be clarified with the use of radio-
actively labeled vinylglycine. These points concern the stoichiometry
of modification and a conclusive demonstration of whether the inactivation
involves apoenzyme or coenzyme modification. To date these experiments
have not been done; the reasons are due to the low yield (15%) ® of the
synthesis of vinylglycine from vinylglycolate and the large number of
catalytic oxidations (2000) before inactivation. These two reasons
dictated the use of indirect methods to examine the questions more
directly answerable with radioactive material.

Although vinylglycine is a good substrate for both enzymes, only
L-amino acid oxidase is inactivated. There is kinetic evidence with
each enzyme™ 1% that product release is a slow step in the catalysis of
the oxidation. Therefore the product should be retained long enough for
attack should there be an appropriately placed nucleophile. The evidence
suggests only L-amino acid oxidase has such a susceptible nucleophile

at the active site.
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B. REACTION OF D-AMINO ACID OXIDASE AND L-AMINO ACID OXIDASE WITH

PROPARGYLGLYCINE

The inactivation of D-amino acid oxidase upon oxidation of D-pro-

pargylglycine was first observed by Horiike et al?! the enzyme being

reported to carry out 600 - 800 catalytic oxidations before suffering

loss of activity. That work demonstrated that this inactivation is not

a simple phenomenon--the kinetics of inactivation showed substantial
deviations from first order behavior and 20% of the original activity

was insensitive to inactivation. The work of Horiike et al did not pro-
duce any evidence on the mechanism of inactivation nor did they provide
more than conjecture as to the reasons for the observed deviations from the
simple model. Therefore, this inactivation was of interest to this work,
in view of the previous examination of the action of propargylglycine on
pyridoxal enzymes.

This study was originally undertaken in the hopes of demonstrating
that the observed loss of activity was due, not to an active site directed
modification, but to alkylation proceding from solution as in the case
(dicussed previously) of the inactivation of L-hydroxyacid oxidase upon
oxidation of 2-vinylglycolate4? An illustration to contrast the mechanism
of propargylglycine induced inactivation by the two processes is provided
in Scheme II. 1In both cases, the probable alkylating agent is the conju-
gated allene, 2-imino-3,4-pentadienoic acid (3), produced via propargylic
rearrangement of the original oxidation product, 2-imino-4-pentynoic

acid (2). The difference between the two mechanisms concerns whether this
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rearrangement, which leads to modification, is enzyme catalyzed or whether
the observed inactivation is a fortuitous result of alkylation of amino
acid residues not at the active site by allene produced via the propar-
gylic rearrangement having occured in solution. Inactivation by this
second mechanism would not be expected to follow simple kinetics;=further-
more, alkylations away from the active site could well be imagined to
result in the formation of an enzyme species with substantial residual
activity. Therefore, inactivation by this mechanism was considered a
likely possibility; it had not been considered in the publication by
Horiike et al3l but nothing in their work ruled it out as a possibility.
Attempts to demonstrate unambiguously that the alkylating agent can
be generated in solution were unsuccessful, However, a number of experi-
mental observations imply that the inactivation mechanism involves a species
which is loosely associated with the enzyme. The inconclusive results of
the initial experiments did not signal the end of the work on this inac-
tivation, as several other aspects of the reaction were found to be of

interest. The discussion will be divided into three parts.

1. It has been found that a number of interesting non=enzymatic reactions
follow the initial enzymatic oxidation of propargylglycine to the corres-
ponding imino acid. Three discrete species have been identified in the
reaction mixture, two of which are tight competitive inhibitors of D-amino
acid oxidase and lead to the formation of a complexes with intense”long
wavelength ("'charge transfer') absorbance upon binding to the enzyme. The

probable structures of the compounds produced following enzymatic oxidation
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of propargylglycine, and the mechanism of their formation, are the first

matter to be discussed.

2. The covalent modification of D-amino acid oxidase upon its oxidation
of D-propargylglycine results in the formation of a catalyst with markedly
changed catalytic properties. The second part of the discussion will
describe the preparation and characterization of the modified D-amino acid
oxidase, and demonstrate that the modified enzyme has greatly changed
substrate specificity and exhibits a different rate determining step

from native enzyme.

3. The final section is a description of the likely mechanism of the
covalent modification of D-amino acid oxidase upon its oxidation of

D-propargylglycine.

In contrast to the susceptibility of D-amino acid oxidase, no
modification of kinetic parameters is observed upon incubation of L-amino
acid oxidase and L-propargylglycine., Since L-propargylglycine is a good
substrate for the enzyme, this reaction proved very useful for the synthesis
of the product species the structure determination of which is discussed

in this chapter.
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1. THE REACTION PATHWAY FOLLOWING ENZYMATIC OXIDATION OF PROPARGYLGLYCINE

EXPERIMENTAL SECTION

Materials

Enzymes and reagents: L-amino acid oxidase was purchased from Sigma

chemical. D-amino acid oxidase was purified to 70% homogeneity {through
the calcium phosphate cellulose column step) by the method of Brumby and
Massey. 103 DL-2-amino-4-ketovaleric acid was synthesized as reported by
Wiss and Fuchs.95 Propargylglycine was synthesized and resolved by the
method of Jansen EE.EE:“S DL~propargyl[14C]g1ycine (500 cpm/nmole) was
synthesized from diethy1[2-14c]malonate purchased from Amersham. All
other amino acids, FAD, NADH, acetopyruvic acid, Hepes, and DL-allyl-
glycine and catalase were purchased from Sigma. DL-vinylglycine was
synthesized by the method of Rando.!! Buffer salts and solvents were
commercially available reagent grade materials.

Instrumentation: Electronic absorption spectra were recorded using a

Perkin Elmer model 200 double beam spectrophotometer. Spectroscopic
kinetics were followed with a Gilford model 222 sigle beam spectro-

photometer.

Methods

Ultraviolet spectrum of the product of propargylglycine oxidation: 1 ul

of 0.1 M L-propargylglycine (0.1 umole) was added to a cuvette containing
1.0 ml of buffer 10 pg catalase and 125 ug L-amino acid oxidase. After

absorbance changes stabilized (about 2 hours), the spectrum was recorded
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against a reference cell containing buffer, catalase, and oxidase. A
variety of buffers, based on Hepes, Tris, and pyrophosphate were used;
primary amine, thiol, and imidazole nucleophiles were added to the buffer
solution in some experiments.

Chromatographic identification of the product of propargylglycine oxida-

tion: In 0.2 ml 0.1 M Hepes pH 8, 2.5 umole of DL—propargyl[2-14C]-g1ycine

was reacted with 95 pug L-amino acid oxidase and 20 ug catalase. After a
90 minute incubation, the reaction mixture was passed through two 1 ml
DOWEX 50 H' columns. The solution was evaporated to a small volumne and
spotted on 12 x 4 cm Baker flex silica gel 1B plates. The plates were
developed with n-butanol-acetic acid-water (12-3-5) or water saturated
ethyl ether-formic acid (7-1). The plates were sprayed with a solution
of 3% vanillin-5% concentrated sulfuric acid in absolute ethanol, and then
heated to 120°C 1 Authentic acetopyruvic acid yields a brown spot on the
plated developed in the n-butanol-acetic acid-water system and a purple
spot in the ether-formic acid system. The plates were cut into 0.5 cm
sections and eluted with scintillation fluid which was counted using a
Beckman LS-100C scintillation counter.

Characterization of the accumulated product following enzymatic oxidation

of propargylglycine and 2-amino-4-ketovaleric acid: At room temperature,

50 nmoles L-propargylglycine or 100 nmoles DL-2-amino-4-ketovaleric acid
were mixed with 25 pg catalase and 0.2 nmoles L-amino acid oxidase in 1.0
ml 0.1 M Hepes, pH 8.0. Complete oxidation of the amino acids required
3-4 hours at room temperature. Oxidation was effected similarly with

1 nmole of D-amino acid oxidase. Reduction of the oxidation products
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(and also of authentic acetopyruvate) was accomplished by addition of
10 pl 1.0 M hydroxylamine HC1 or 1.0 M hydrazine HC1 (both stock solutions
at pH 8) to 1.0 ml of product solution. Reduction with sodium borohydride
was done by addition of a speck of solid NaBH, to a solution of product.
Reduction was also attempted by addition of 100 nmoles NADH followed by
250 ug of L-lactic dehydrogenase,

To test for the solubility of the products in diethyl ether, a
3 ml solution containing 150 nmoles of the oxidation products from
propargylglycine or 2_amino-4-ketovaleric acid were mixed with 3 ml
of ether. After vigorous mixing, the aqueous and organic layers were
separated and the ultraviolet spectrum of each recorded. To recover the
ether extracted product, 10 ml of 0.1 M Hepes pH 8 containing 0.5 umole
of oxidation product of propargylglycine was extracted 3 times with 5 ml
of diethyl ether. The ether was dried with MgSO4, after which 250 ul
0.1 M Hepes pH 8 was added to the solution. The ether was then evaporated
with a stream of dry argon.

Charge transfer complexes between D-amino acid oxidase and amino acid

oxidation products: Spectra of the product complexes of D-amino acid

oxidase were observed at 10°C so as to minimize turbidity in the enzyme
sample. A 1-5 ul aliquot of the amino acid to be oxidized (D-propargyl-
glycine, DL-allylglycine, DL-2-amino-4-ketovaleric acid, or DL-vinylglycine)
was added to a solution of D-amino acid oxidase in 0.4-0.5 ml 0.05 M
pyrophosphate buffer pH 8.5. When only a slight molar excess of

amino acid is used, reaction is complete in seconds and the spectrum of

the complex is recorded immediately. 25 nmoles of L-propargylglycine was
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added to 10 nmoles D-amino acid oxidase, followed by 0.15 nmole L-amino
acid oxidase, to record the charge transfer complex formed in that manner.

Attempted inactivation of D-amino acid oxidase upon incubation with

L-propargylglycine and L-amino acid oxidase. In 0.25 ml of 0.05 M_sodium

pyrophosphate, the solution contained 40 mﬂ_L—propargylglycine, 0.02 mM
FAD , and 25 ug catalase. To this solution was added 2.1 nmoles of
D-amino acid oxidase and 20 ug L-amino acid oxidase. The solution was
gently stirred at room temperature for two hours. At intervals, 10 ul
aliquots were removed and diluted into 1 ml of pyrophosphate buffer con-
taining 0.2 M D-alanine, 0.01 mM FAD, 0.2 mM NADH, and 50 ug L-lactic

dehydrogenase.
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RESULTS

The identification of the product(s) of oxidation of propargylglycine
was originally pursued to produce evidence confirming the probable structure
of the species responsible for the alkylation of D-amino acid oxidase. Re-
gardless of whether or not the modification is active site directed, the
observed inactivation was considered to be the result of attack of an enzyme
nucleophile at the electrophilic fourth carbon of 2-imino-3,4-pentadienoate
(3). Since the enzyme had been observed to catalyze at least several
hundred oxidations before suffering loss of activity, a favored hypothesis
for the inactivation involved a partition of the inactivating species
between attack by an enzyme nucleophile and attack by water, the result

of which would be the accumulation in solution of such a hydrated product.

Enzyme
I;IH3+ HH w Inactivation

H—CEC—CHZ-(E'-COO _— — H2C=C=CH-C-COO H.0

H 3) ~_‘élﬁ_*_, Product formation

No inactivation

(1)

A reasonable scheme for the pathway following oxidation of propar-
gylglycine is shown in Scheme III. The end product of this speculative
pathway is acetopyruvic acid (2,4 diketovaleric acid). Because the expected
short lifetime of the conjugated allene would make its direct observation
an unlikely possibility, the identification of acetopyruvate in the reaction
mixture would be evidence that there had existed in the pathway a species
subject to nuceleophilic attack at carbon 4. The pathway proposed in

Scheme I1I also predicts that the addition of nucleophiles to the incubation
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would cause the formation of a trapped product. This provided another
experimental approach for the examination of the pathway.

Because of the inactivation of D-amino acid oxidase by propargylglycine,
L-amino acid oxidase was routinely used for oxidation of the amino acid in
studies on the nature of the products. No difference in the pathway
following oxidation of propargylglycine by the two enzymes was ever observed,
evidence that neither enzyme does more than carry out the initial oxidation.

This point will be addressed in some detail in a later section.

Ultraviolet absorption spectra of the products derived from the oxidation

of propargylglycine.

One of the first observations to be made concerning the pathway fol-
lowing enzymatic oxidation of propargylglycine was that the oxidation
results in the formation of a product with intense absorbance in the near
ultraviolet. By subjecting a known quantity of amino acid (0.1 umole in
1 ml1) to exhaustive oxidation, the extinction coefficient of the ultra-
violet absorbing material could be calculated. As would be expected if
product formation is the result of attack by a nucleophile in solution on
the conjugated allene, the lmax of the observed product varied with added
nucleophile in the incubation., In 100 mM Hepes, pH 8 (a non-nucleophilic
buffer) a Amax of 300 nm ( ¢ 12,000) was observed. Addition of 10 mM
ethanethiol shifted the xmax to 312 nm, addition of 200 mM butylamine HC1
shifted the Amaxfto 318 nm.

By varying the concentration of butylamine in Hepes buffer from 0 mM

to 200 mM, the partition between the formation of the 300 nm and 318 nm
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could be demonstréted (Figure 3). It was further shown that the 300 nm
species is not a precursor of the 318 nm species; addition of 100 mM
butylamine HC1 caused only a very slow shift (over 24 hours) of the
absorbance to higher wavelengths.

A comparison was then made between the absorbance of the product
in non-nucleophilic buffer (thought to be the result of the attack of
water at carbon 4 of (3)) and acetopyruvate. Authentic acetopyruvate
exhibits a Amax 295 nm, € 12,000 at pH 8107 The discrepancy between these
values and the 300 nm absorbance of the accumulating product was possibly
attributable to the 300 nm absorbance being comprised of a mixture of
components, a major one being acetopyruvate, in the enzymatic incubation.
Therefore, direct chromatographic comparison of the enzymatic product

with authentic material was attempted.

Identification of acetopyruvic acid in the reaction mixture.

2.5 pmoles DL—propargyl[2-14C]g1ycine (500 cpm/nmole) was incubated
with 100 yg L-amino acid oxidase for 90 minutes. The D-propargylglycine
(aqd any unreacted L-propargylglycine) was removed from the incubation
by passage through a column of DOWEX 50 H'. After passage through the
column, the aqueous solution was evaporated to a small volume and ali-
quots of the concentrate were spotted on Silica gel 1B plates. In two
solvent systems, the material migrated an identical distance as
authentic acetopyruvic acid and gave the same color test with the detec~
tion reagent. Furthermore, over 80% of the radioactivity spotted on the

plate migrated with acetopyruvic acid.
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Figure 3., Extinction coefficient of the product of enzymatic oxidation
of propargylglycine as a function of the concentration of
butylamine HC1 in solution,

In 1 ml of buffer at 30°C, the solution contained:
125 ug L-amino acid oxidase
25 ug catalase
0.1 umole L-propargylglycine
Complete oxidation required approximately 2 hours.

Buffers used:

a: 0.1 M Hepes, PH 8.

b: 0.1 M Hepes / 0,01 M butylamine , pH 8
c: 0.1 M Hepes / 0.05M butylamine , pH 8
d: 0.1 M Hepes / 0,10 M butylamine , pH 8
e: 0.1 MHepes / 0.20 M butylamine , pH 8
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The results of the thin layer chromatographic comparison of the
reaction product with authentic material was taken as evidence that the
pathway of Scheme IIIrepresented a reasonable model of the reactiom.
However, further examination of the accumulating product showed that is
was not comprised mostly of acetopyruvate. The first indication that
a more complicated pathway was involved than had initiallybeen considered
was the finding that the product of propargylglycine oxidation at pH 8
is inert to sodium borohydride--at most 10% of the absorbance is reduced
in 90 minutes. In contrast, a solution of acetopyruvate at pH 8 is reduced
in seconds under the same conditions. The elucidation of the probable
sturcture of the accumulating product was the subject of a great deal of
work; as an aid in this structure determination, it is necessary to outline
some properties of two compounds, acetopyruvic acid and the oxidation

product of 2-amino-4-ketovaleric acid.

Properties of acetopyruvic acid.

The following data on authentic acetopyruvate werecollected for com-
parison with the oxidation product. The absorption spectrum of the com-
pound as a function of pH has been reported507from the spectra pKa's of
2.5 and 7.8 can be derived. Acetopyruvate is a poor substrate for lactic
dehydrogenase catalyzed reduction by NADHIOB, but it was found that addition
of 250 ug commercial enzyme allows reduction of 50 nmoles of acetopyruvate
in 90 minutes at pH 8.

Syntheses of 5-methyl-3-carboxyisoxazole and 5-methyl-3-carboxypyrazole

are accomplished by treatment of ethyl acetopyruvate with hydroxylamine or
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hydrazine, followed by saponification.l09110

b 2 3
CH.— C=CH—C—COOEt N COOEt

3 NH.,NH

—22 . NN

’Q COOEt

This was the rationale for addition of 10 mM hydrazine or 10 mM hydroxyl-

amine to a buffered (pH 8) solution of 100 uM acetopyruvate. Both reagents
cause the rapid (in seconds) bleaching of the spectrum. No product absor-
bance above 250 nm was observed in either case, consistent with the

reported spectrum of the 3-carboxypyrazole nucleusi!!

The oxidation product of 2-amino-4-ketovaleric acid,

After it was determined that acetopyruvic acid was not the accumulating
product during the course of the oxidation, a possible alternative was the
eneamine 2-amino-4-ketopentenoate (5). Although the properties of this

NH material had not been reported, it was consi-
2

0 N
] |
=C—C00 dered likely that the stabilization produced

HC=Cen

by conjugation and internal hydrogen bonding

5)

would make its hydrolysis to acetopyruvate slow
in neutral solutions, and the same factors might make the compound inert to
borohydride. The simplest route to this species is the enzymatic oxidation
of 2-amino-4-ketovaleric acid with an amino acid oxidase.
0 NH, " 0 NH 0 NH,,

I 3 [ox] [ [ - Il | -
H C—C-—CH—.—('J—COO H,C—C~CH,—C—C00" — H c—c\Cﬁgc—COO

3 2 3
H
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The synthesis of the racemic amino acid via the acid hydrolysis of the
condensation product of diethylacetamidomalonate and bromoacetone had
been reported and was reproduced.105

Exhaustive oxidation of the amino acid with L-amino acid oxidase
yielded a product with absorbance maximum 321 nm, € 12,000 at pH 8. The
prediction of the hydrolytic stability of this eneamine was proven correct,
as no spectral change was observed over 20 hours at pH 8 and 4 hours at
pH 12. However, it is acid labile; 10 minutes at pH 2 followed by neutral-
ization yielded a spectrum identical to that of acetopyruvate.

This species is also stabilized relative to acetopyruvate in its reac-
tions with hydrazine and hydroxylamine. On addition of 10 mM of these
reagents, the eneamine spectrum (50 pM) is slowly bleached in a first order
manner. At room temperature, the observed rate constant for hydrazine was
0.87«hr'1; for hydroxylamine, 0.53 hr™l, These properties will be found
useful in later characterizations.

It is perhaps unnecessary to point out that this material is not the
accumulated product of propargylglycine oxidation. However, the eneamine

was found to have a role in the pathway, as will be discussed in the next

section.

Properties of the 300 nm accumulated product.

Because of the small quantities (less than one umole) of material
available, characterization of the product was done in three ways.
1. Effect of various reducing agents on the absorbance.

2. Extractability of the material into organic solvents.
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3. Acid or base titration of the product solution followed by neutral-

ization and characterization of the products thereby produced.

A pH 8 solution of the material (Amax 300 nm, € 12,000) was prepared
by exhaustive oxidation with catalytic L-amino acid oxidase of 50 nmoles
of L-propargylglycine in 1 ml of 0.1 M Hepes, pH 8.0. A maxiumum of 10%
of the material formed in this way is reducible with sodium borohydride.
Likewise, only a small fraction is reduced by NADH/lactic dehydrogenase
under conditions in which acetopyruvate is reduced.

The first positive data concerning the structure determination was
found when the buffered solution containing the product was mixed with an
equal volume of diethyl ether. Greater than 80% of the absorbance parti-
tions into the organic phase under these conditions. As expected, both
acetopyruvate and 2-amino-4-ketopentenoate were found to remain totally in
the aqueous phase under identical conditions. The ether extractability of
the product raised hopes that the isolation of the material could be accom-
plished. However, evaporation of the ether with a stream of dry argon
resulted in the decomposition of the product, a yellowish residue with no
defined absorption maxiumum when dissolved in buffer was obtained. Addition
of a small amount of (fresh) buffer to the ether extract followed by evap-
oration as before was successful in producing an aqueous solution of the
product fifty times the concentration of the enzymatic incubation without
evident decomposition.

The acid and base labilities of the accumulated product were found to
be of great value in determining its probable structure. Titration of the

product solution to pH 2 resulted in changes which were time dependent and
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irreversible., After 10 minutes, neutralization yielded a material the
spectrum of which was identical to acetopyruvate in its pH dependence as
well as being fully reducible by borohydride.

In view of the isolation of acetopyruvate after passage of the oxi-
dation reaction mixture through DOWEX 50 H' as previously described, the
acid lability of the material to acetopyruvate had been expected. It was
the base lability of the accumulated product which yielded new information
as to its structure.

Titration of a solution of the 300 nm product to pH 12 caused a rapid
shift in the absorption maxiumum to 317 nm. This new absorbance did not
change when the solution was returned to pH 8. The major contributor to
this absorbance was identified as 2-amino-4-ketopentenoate (5) by the
following criteria.

1. Addition of 10 mM hydroxylamine or 10 mM hydrazine caused the

rapid (in seconds) bleaching of about 10% of the absorbance (pre-

sumably due to acetopyruvate content); the Amax was also shifted

by this treatment from 317 nm to 321 nm. The remainder of the

absorbance bleached with the same first order rate constants reported

earlier for the oxidation product of 2-amino-4ketovaleric acid.

2. Addition of solid sodium borohydride caused the bleaching of

about 10% of the absorbance with a shift in lmax from 317 nm to

321 nm. The remainder of the absorbance was stable to reduction.

3. Acidification of the 317 nm material to pH 2 followed by neutral-

ization yielded a spectrum with properties identical to that of

acetopyruvate,
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4, The 300 nm absorbing material recovered after ether extraction
was quantitatively converted by acidification to acetopyruvate and to
2-amino-4-keto-2-pentenoate ( the lmax now shifting immediately to

321 nm) upon treatment with base.

In Scheme IV is summarized the pathway which has been found to
follow enzymatic oxidation of propargylglycine. At most 10% of the
oxidation product is converted directly to acetopyruvate. The pre-
dominant reaction leads to the formation of a neutral species (required
by its ether extractability) in which the nitrogen bound to carbon 2 has
remained in place. The structure consistent with the experimental obser-
vations is the y-lactone (6), produced by the attack of the carboxy
oxygen on the electrophilic fourth carbon of the conjugated allene (Scheme
IV ). The lactone is neutral and accounts for the observed acid and base
labilities of the 300 nm product.

Of the two possible lactones, the extended eneamine (6A) is believed
to be the correct structure. There is no apparent reason that the imine (6B)
should not be reducible by borohydride and should also be hydolyzed to the
corresponding a-keto-y-lactone. Spectral comparisons with the oxidation
products of allylglycine and vinylglycine (to be presented) also favor the
extended eneamine structure for the lactone.

Through an examination of the absorption spectrum of the product of
propargylglycine, the probable structure of the accumulated product of the
reaction has been deduced. While this study was in progress, another line
of investigation was found to provide evidence on the mechanism of the for-

mation of the 300 mm product, and led to identification of a transient
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species which is a precursor of the eneamine lactone.

Formation of a D-amino acid oxidase charge transfer complex upon oxidation

of D-propargylglycine.

On incubation with a large excess of D-propargylglycine, D-amino acid
exidase undergoes covalent modification after catalyzing several hundred
oxidations. It had been assumed that incubation of the enzyme with many
fewer equivalents of the suicide substrate than required for inactivation
would result in rapid catalytic oxidation of the amino acid without demon-
strable effect on the enzyme. Therefore, it wés quite unexpected that, upon
addition of 1-10 equivalents of D-propargylglycine to a spectroscopic quan-
tity of D-amino acid oxidase, intense long wavelength absorbance character-
istic of a charge-transfer complex is immediately (within seconds) evidenced.
(Figure 4).

Addition of less than a stoichiometric quantity of D-propargylglycine
to the enzyme resulted in the formation of an intensity of charge transfer
absorbance equivalent to the amount of propargylglycine added. This demon-
strates that the species responsible for the complex is produced quanti-
tatively from propargylglycine and is bound very tightly to the enzyme
(Kd < 10 uM). The species was also shown to be in rapid, non-covalent
equilibrium with the enzyme by addition of 10 mM sodium benzoate (Figure 5).
Since the rate of binding of this concentration of benzoate is much faster
(it is greater than 200 sec-lnz) than the observed rate of decay of the
580 nm absorbance, this experiment demonstrates that the rate of release

of the species responsible for the charge transfer complex is approximately
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Figure 4. Spectrum of the complex between the oxidation product of D-pro-
pargylglycine and D-amino acid oxidase.
In 0.4 ml of 0.05 M sodium pyrophosphate buffer at pH 8.5,
the solution contained 13 nmoles of D-amino acid oxidase (a).
To the enzyme solution was added 1 ul of 0.1 M D-propargyl-

glycine. The spectrum of the complex was recorded immediately (b)

Figure 5. Rate of release from the enzyme of the propargylglycine product
responsible for the charge transfer complex.
In 0.5 ml of 0.05 M sodium pyrophosphate buffer at pH 8.5 at 10°C,
the solution contained 21 nmoles of D-amino acid oxidase.
At 0 seconds, 1 ul of 0.025 M D-propargylglycine (25 nmoles) was
added to the solution. The absorbance change at 580 nmeters was
observed. At 120 seconds, 10 pl 0.5 M sodium benzoate was added
to the solution and the decay of the absorbance at 580 nmeters

was observed.
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0.08 sec'l.

Complexes produced by 2-amino-4-keto-2-pentenocate and acetopyruvate.

Addition of a slight stoichiometric excess of 2-amino-4-ketovaleric
acid to D-amino acid oxidase also results in the rapid formation of a charge
transfer complex. The visible spectrum of the species resulting from
enzymatic binding of 2-amino-4-keto-2-pentenoate is shown in Figure 6.

This eneamine is also bound very tightly (Kd < 10 uM) and was found to
be in rapid equilibrium with the enzyme by the methods previously des-
cribed for the propargylglycine product complex. Acetopyruvate also
induces perturbations in the visible spectrum of D-amino acid oxidase
upon binding (Figure 7). However, the changes are much less pronounced
and it was found that acetopyruvate is bound much less tightly than the

other inhibitors (Ki = 120 uM versus D-alanine).

Properties of the D-amino acid oxidase / propargylglycine product complex.

The charge transfer complex of D-amino acid oxidase and the propar-
gylglycine product is not indefinitely stable. Over 60-90 minutes at
10°C, the long wavelength absorption decays (Figure 8). It does not
return to the original spectrum; the residual long wavelength absorbance
is that similar to that expected from the production in solution of a
small quantity of 2-amino-4-keto-2-pentenoate.

Since additionof high concentrations of butylamine changes the
ultraviolet spectrum of the accumulating products of propargylglycine

oxidation, the affect of amines on the formation and decay of the charge
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Spectrum of the complex between the oxidation product of 2-amino-
4-keto-valeric acid and D-amino acid oxidase.

In 0.4 ml of 0.05 M sodium pyrophosphate buffer at pH 8.5,

the solution contained 13 nmoles of D-amino acid oxidase (2).

To the enzyme solution was added 2 ul of 0.1 M DL-2-amino-4-keto-
valeric acid (100 nmoles). The spectrum of the complex was

recorded immediately, (b)

Spectrum of the complex between acetopyruvate and D-amino acid
oxidase,

In 0.4 ml of 0.05 M sodium pyrophosphate buffer at pH 8.5,

the solution contained 13 nmoles of D-amino acid oxidase (a).
To the enzyme solution was added 10 ul of 0,01 M acetopyruvate
(100 nmoles). The spectrum of the complex was recorded imme-

diately. (b)
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Figure 8. Stability of the D-amino acid oxidase / propargylglycine product
complex,
In 0.5 ml 0.1 M Hepes, pH 8 at 10°C, the solution contained
8.5 nmoles of D-amino acid oxidase (a).
1 ul 0.0125 M D-propargylglycine (12.5 nmoles) was added to
the solution and the spectrum recorded immediately (D).
Spectrum (c) was recorded 15 minutes after addition of propar-
gylglycine.
No change in the spectrum was observed after 60 minutes,
spectrum (d) was recorded 90 minutes after addition of propar-

gylglycine,
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transfer complex was examined. 160 mM butylamine HC1 did not have any
effect on the formation of the complex; the presence of amine did cause the
spectrum to return over time to its original baseline, presumably by
preventing the formation in solution of Z2-amino-4-ketopentenoate.

The production of the D-amino acid oxidase / propargylglycine product
charge transfer complex does not require the participation of the enzyme
in the oxidation. This point was demonstrated by incubation of D-amino
acid oxidase with a slight molar excess of L-propargylglycine (with no
result) followed by a catalytic amount (1%) of L-amino acid oxidase. The
identical charge transfer spectrum was generated over 20 minutes, demonstra-
ting that finite amounts of the product species can diffuse through solu-
tion to the D-amino acid oxidase active site.

Should the species responsible for the charge transfer complex be
the alkylating agent which causes the covalent modification, or be in
equilibrium with that agent at the enzyme active site, it is possible that
in experiments with high concentrations of enzyme and only a slight excess
of propargylglycine, inactivation following many fewer than the several
hundred in catalytic assays might be observed . This would be a conse-
quence of the charge-transfer inducing species being bound to the enzyme
for longer periods, instead of being replaced (competitively) at the active
site by another molecule of propargylglycine as in catalytic assays with
excess substrate.

The charge transfer complex was found not to be in any demonstrable
way connected with the covalent modification of the enzyme--no kinetic inac-

tivation (by assay of withdrawn aliquots) was observed during the lifetime
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of the long wavelength absorbance. An effort was made to produce the
modified enzyme by incubation of D-amino acid oxidase, L-propargylglycine,
and L-amino acid oxidase. Under conditions in which L-propargylglycine was
oxidized continually over a two hour period, no alkylation of D-amino

acid oxidase was observed. A strong competitive inhibitor(s) was produced
in the incubation, but following dialysis enzyme with native kinetic
parameters was recovered.

The relatively short lifetime of the charge transfer complex, and the
evidence that the species responsible is formed before the species subject
to attack by amines, made it unlikely that the 300 nm accumulating product
was the cause of the observed complex. Addition of the ether extracted
product (recovered into buffer as previously described) to a solution of
D-amino acid oxidase resulted in no change in the visible spectrum of the
enzyme. Since both the species responsible for the charge transfer complex
and the 300 nm product are formed in high yield, it is necessary to postulate
that the charge transfer inducing species is a precursor of the 300 nm

product.

Direct observation of the initial product of propargylglycine oxidation.

All of the spectral evidence on the products of propargylglycine
oxidation thus far discussed involved the exhaustive oxidation of propar-
gylglycine with a catalytic quantity of enzyme., Therefore, several hours
at room temperature was necessary for complete oxidation to be accomplished.
To directly observe a species produced early in the reaction, a change

in experimental procedure was required.
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The procedure developed involved the use of a large quantity (4 nmoles)
of D-amino acid oxidase incubated at 8°C with D-propargylglycine (50 nmoles)
for 30 seconds. This interval is not sufficient for complete oxidation;
therefore, 1 umole of the tight competitive inhibitor (K = 3 uM)t13odium
benzoate was added, which slowed continued oxidation sufficiently that
spectral changes with time of the products could be observed (Figure 9).

The absorbance maximum which characterizes the product of propargyl-
glycine oxidation is dependent on the nucleophilic species present in solu-
tion. As shown in Figure 9A and 9B, the same species appears to be the
precursor of both the 300 nm species (in Hepes buffer) and the 318 nm
species (in Hepes/butylamine HC1 buffer); it has a Mnax 290 nm, £ =10,000
and has a lifetime of 5-10 minutes under these conditions.

A number of stable and metastable molecules have previously been found
to induce intense charge transfer bands upon binding to D-amino acid oxi-
dase. Two such species are anthranilatdl3a stable molecule, and 2-amino-
crotonatél*a transient species produced from D-amino acid oxidase catalyzed

elimination of HC1 from B-chloro-o-aminobutyrate.

+ .. i
- 1N
coo ¢ Vs pano M g YHy
CHS-CH-Q-COO -_— CHB-CH==C-COO : CHS-C—CH=C-C00
NH, iy
2-aminocrotonate 2-amino-4-keto-
anthranilate 2-pentenoate

These molecules have the common feature of being electron rich eneamino
acids, and serve as donor components to the electron deficient oxidized
flavin coenzyme. A third such eneamine, 2-amino-4-keto-2-pentenoate,

has been
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Direct observation of the initial product of the oxidation
of propargylglycine,
In 2 ml of buffer the solution contained:
8.5 nmoles of D-amino acid oxidase
25 ug catalase.
0.9 ml of this solution was placed in each of two matched silica
cells at 8°C. 10 ul 0.1 M soldium benzoate was added to the
reference cell,
At T = O sec., 1 ul 0.05 M D-propargylglycine added to sample;
after 30 sec., 10 ul 0.1 M sodium benzoate was added to sample,
Spectra were recorded as rapidly as possible (240 nm scan/min,
about 1 spectrum/min).
Buffers used:
A: 0.1 M Hepes, pH 8, Spectra at the following time points
are reproduced.
(2): 1 minute (b): 7 minutes (¢): 15 minutes

0.1 M Hepes / 0.1 M butylamine HC1 pH 8. Spectra at the

o

following time points are reproduced.
(a): 1 minute (b): 3 minutes (¢): 5 minutes

(d): 10 minutes (e): 15 minutes
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shown in this work to be the cause of a charge transfer complex.

Therefore, the probable identity of the initial propargylglycine
product is the acetylenic eneamino acid, (7) of Scheme V, It is derived
from protonation at nitrogen of one resonance form of the carbanion inter-
mediate produced by the removal of an acidic K-proton of the acetylenic
imine oxidation product (2). The probable inactivator (3) is produced
by the protonation at carbon 5 of the allenic anion which is another
resonance form of the carbanion, There is no evidence available as
to the geometrical isomerism of the acetylenic eneamine; therefore
it is depicted in Scheme V without prejudice on this point.

Should the assignment of structure (7) to the species responsible for
the charge transfer complex be correct, the evidence requires that protona-
tion of the anion at nitrogen be much faster than that at carbon. Further-
more, the rearrangement of (7) to (3) which must occur to account for the
observed accumulated products, must be a relatively slow process. The long
lifetime of the charge transfer complex relative to the lifetime of the
species free in solution can be explained by the very low dissociation of
the complex, which reduces to a very small fraction the amount of the

species which is free in solution.

The products of enzymatic oxidation of ‘allylglycine and vinylglycine.

The tentative assignment of the acetylenic eneamine structure (7) to
the species responsible for the charge transfer complex, led to the exami-~
nation of the oxidation of allylglycine by the amino acid oxidases for corro-

boration of the reaction pathway postulated for propargylglycine. Oxidation
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SCHEME V
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of this olefinic amino acid (Scheme VIa) could yield a product which
might rearrange to a similar conjugated eneamine, albeit olefinic rather
than acetylenic. Upon incubation of D-amino acid oxidase with allyl-
glycine, a charge transfer complex is formed, characterized by intense
absorbance from 600-800 nm (Figure 10).

It was also found that upon oxidation of allylglycine by L-amino acid
oxidase, a species is produced with Amax 285 nm, € 9000 (Figure 11). This
species has a short lifetime, the absorbance decays with a t1/2 = 9 minutes
at 30°C. This evidence is consistent with the extended eneamine from the
oxidation of propargylglycine and allylglycine being the cause of the charge
transfer complexes and ultraviolet product absorbance.

Another possibility was that the conjugated keto or imino acids are
responsible for the charge transfer complexes. However, the oxidation of
vinylglycine (Scheme VIb) does not lead to a charge transfer complex with
D-amino acid oxidase (Figure 12). Also, it was found that the product
from the oxidation of vinylglycine has no absorbance at wavelengths above
250 nm. This makes it unlikely that the conjugated keto or imino acids are
responsible for the charge transfer spectrum of allylglycine and (by in-
ference) propargylglycine.

The ultraviolet absorbance of the oxidation products of allylglycine
and vinylglycine also corroborate the proposed structure of the accumulated
product as the extended eneamine lactone (6A) instead of the conjugated

:NH tautomer (6B). 6A has a chromophore not dis-
74 d 6A similar from the allylglycine oxidation product.

On the other hand, the vinylglycine oxidation
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SCHEME V]a
ENZYMATIC OXIDATION OF ALLYLGLYCINE

H
I
H2C='CH—CH2-CII-C:)0'—+ H20=CH-CH2-%~COO - HZC—CH-CH=C|I—COO
NH3 :NH :NH2
HSC-CH=CH-(I3,-COO'-— H3C-CH=CH-(I.}-COO"
0 . :NH
SCHEME VIb

ENZYMATIC OXIDATION OF VINYLGLYCINE

H
H2C=CH—(::-COO" — HC=CH-C-Cc00™— HoC=CH-C-C00
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Figure 10. Spectrum of the complex between the oxidation product of
allylglycine and D-amino acid oxidase.
In 0.5 ml of 0.05 M sodium pyrophosphate buffer at pH 8.5,
the solution contained 8.7 nmoles of D-amino acid oxidase (a).
To the enzyme solution was added 2 ul of 0.1 M DL-allylglycine.

The spectrum of the complex was recorded immediately (b).

Figure 11. Spectrum of the product of enzymatic oxidation of allylglycine..
In 1 ml of 0.1 M Hepes, pH 8 at 0°C, the solution contained:
125 ug L-amino acid oxidase
25 ug catalase
The reaction was initiated with the addition of 1 ul of 0.1 M
DL-allylglycine, pH 8. The spectrum of the solution was recorded
every two minutes after the addition of the amino acid. The
reference cell contained all species except allylglycine,
A. Spectra taken at the following times are reproduced:
(a): 3 minutes
(b): 9 minutes
(c): 17 minutes
(d): 27 minutes
B. A plot of log A285 versus time for all of the time points taken

in this experiment.
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Figure 12:
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Spectrum of the complex between the oxidation product of
vinylglycine and D-amino acid oxidase,

In 0.5 ml of 0.05 M sodium pyrophosphate buffer at pH 8.5,

the solution contained 8.7 nmoles of D-amino acid oxidase (a).
To the enzyme solution was added 2 ul of 0.1 M DL-vinylglycine.

The spectrum of the complex was recorded immediately (b).
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:NH

0 demonstrates that the structure 6B would not

6B
\ - be expected to exhibit a A__ 300 nm, e 12,000.

H3C

Evidence pertaining to the first step of the pathway.

With the probable assignment of the acetylenic eneamine as the species
responsible for the charge transfer complex, the question arises (Scheme VII)
as to whether (path A) the enzyme catalyzes the conversion of the acetylenic
imine to the eneamine or whether (path B) the enzyme releases the imine
followed by its rapid non-enzymatic conversion to the eneamine and rebinding
to the enzyme. This question can be answered by direct comparison of the
maximal initial turnover number of catalytic propargylglycine oxidation with
the rate of release of the acetylenic eneamine, The former constant can be
measured by direct observation of the initial rate of increase in product
absorbance for a given quantity of enzyme, and has been found to be 2 sec”
at 10°C. The latter constant as already been determined (Figure 5), and
was found to be 0,08 sec'1 at 10°C., This rules out enzyme catalyzed pro-
duction of the eneamine as a normal step in the catalytic oxidation of
propargylglycine.

In view of the preceding discussion, a more complete analysis of the
first step in the pathway following oxidation of propargylglycine can be
made. Following release of the acetylenic imino acid product (2), three
non-enzymatic processes can be imagined (Scheme VIII): (a), hydrolysis
of (2) to the corresponding acetylenic keto acid followed by further
reactions; (b), direct conversion of (2) to (7); or (c), conversion of

(2)to the conjugated allene (3). The evidence presented conclusively
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proves that (b) is by far kinetically predominant. The further reactions
of the pathway require that (7) be converted to (3) in a subsequent slower
step (d). This step must also have no enzymatic catalysis, otherwise
covalent modification of the enzyme would be a consequence of the charge
transfer complex--this has been found not to be the case.

The complete pathway following enzymatic oxidation of propargylglycine
has now been presented. Because of the short lifetimes of a number of
species involved and the low concentrations available for characterization,
a number of the points in the mechanism must be considered speculative.
This analysis of the pathway will be of value in the discussion in the fol-
lowing sections on other features of the reaction of propargylglycine and

D-amino acid oxidase.
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2. PREPARATION AND PROPERTIES OF D-AMINO ACID OXIDASE COVALENTLY

MODIFIED UPON ITS OXIDATION OF D-PROPARGYLGLYCINE
EXPERIMENTAL SECTION

Materials. DL-propargyl[2-2H]g1ycine was prepared by acid hydolysis of
propargyldiethylacetamidomalonateqs in 2HC1/2H20 purchased from Stohler
isotopes. D-[2-2H]alanine was prepared by an adaptation of the CuSO4/

salicylaldehyde mediated exchange procedure of Ikawa and Snell. !

2 ; .
DL- [2-“H]phenylalanine was purchased from MSD Isotopes. All other amino

acids were purchased from Sigma chemical.

Incubation of D-amino acid oxidase and D-propargylglycine. D-propargyl-

glycine (68 mg, 0.6 mmole) was dissolved in 3.0 ml 0.1 M sodium pyrophos-
phate, pH 8.0. To this solution was added 25 Mg catalase and 0.25 umole
EAD. The reaction was started by addition of 66 nmoles D-amino acid
oxidase in 0.75 ml buffer. The solution was protected from light and
gently stirred in a 25 ml erlenmeyer flask for up to 8 hours. When the
incubation was completed, the solution was dialyzed twice against 500-1000
volumes of 1 M KBr/0.1 M pyrophosphate, pH 8.5 at 0°C for 24 hours each
dialysus. The salt was removed by dialysis against 0.02 M pyrophosphate
buffer:2:The=enzyme was reconstituted with excess commercial FAD and the
excess removed by dialysis against two changes of 0.02 ﬂ_pyrophosphate

buffer.

Assays of oxidase activity (both native and modified enzyme). The oxidation

of all amino acids, except D-alanine and D-propargylglycine, was assayed
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oxygen consumption using a Clarke-type electrode (Yellow Springs Instruments
model 53 oxygen monitor) in a 0.4 ml chamber thermostated at 30°C. D-ala-
nine oxidation was monitored in the same buffer by coupled assay of pyru-
vate reduction by NADH and L-lactic dehydrogenase. Oxidation of D-propar-
gylglycine was measured directly from the absorbance at 317 nm of the
product of propargylglycine oxidation in 0.1 M Hepes/0.1 M butylamine HCI,
pH 8. 10 uM FAD and 25 ug/ml catalase were added to all assay solutions

and termperature was maintained at 30°C.

Spectral characterization of the modified D-amino acid oxidase, All spectra

were recorded while the sample was maintained at 8-10°C to minimize turbidity
in the enzyme samples. 0.5 ml of enzyme preparation was used. Aliquots of
0.5 M sodium benzoate, 0.5 M sodium anthranilate, and 0.1 M D-phenylalanine
were added to the modified enzyme solution to determine the effects induced

by these compounds.

Incubation of D-amino acid oxidase with propargy1[2—14c]g1ycine. In 0.45 ml

0.5 M potassium phosphate pH 8 containing 0.2 ug catalase and 0.02 mM FAD,

21 nmoles of D-amino acid oxidase was incubated with 7 mg DL-propargy1[2—14C]-
glycine for three hours. The solution was dialyzed twice against 500 ml

1 M KBr/ 0.05 M pyrophosphate pH 8.3, followed by dialysis against pyro-
phosphate buffer. The solution was passed through a Sephadex G-25 column

(1.2 x 50 cm). Fractions containing protein were located by their absor-
bance at 280 nm; protein was assayed by the method of Lowry?* The radio-
activity associated with the protein was measured by diluting an aliquot

of the fraction into scintillation fluid.
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RESULTS

Catalytic inactivation of D-amino acid oxidase.

The inactivation of D-amino acid oxidase which is a consequence of
its oxidation of D-propargylglycine can be monitored in a number of ways.
The simplest procedure is the direct observation of the ultraviolet ab-
sorbance of the product of enzymatic oxidation of propargylglycine. The
rapid loss of activity is evident in such an assay; also apparent is the
residual activity of the enzyme which is insensitive to inactivation.
This method has the advantage of allowing the direct calculation of the
number of catalytic oxidations before the modified enzyme is produced;
in Figure 13 the number of turnovers is demonstrated to be ~1800.

The amino acid most commonly used to assay the activity of D-amino
acid oxidase is D-alanine. Although not the optimal substrate for the
enzyme, the oxidation of D-alanine to pyruvate is easily followed by
the coupled reduction of pyruvate with NADH catalyzed by (commercially

available) L-lactic dehydrogenase.

¥H3+ ﬁH ﬁ NADH NAD”" ?H
CH,-C-C00™ —= CH,-C-C00” — CH,-C-C00" e & CH,-C-C00~
A L-lactic é

dehydrogenase

The decrease in absorbance at 340 nm (e 6220) as NADH is consumed provides
a sensitive assay of pyruvate formation.
The propargylglycine induced inactivation of D-amino acid oxidase can
thus be follwed by removal of aliquots of an incubation and determining the
enzyme activity by diluting the aliquot into a solution of D-alanine (Figure 14A).

This was the method the original workers, Horiike et al3' used to monitor
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the inactivation.

At first, the work of Horiike et al could not be reproduced; approx-
imately 2-4% residual activity with D-alanine was observed on prolonged
incubation with propargylglycine, compared to the previously reported
20%. The contradiction is resolved by the fact that the residual acti-
vity observed is strongly dependent on the concentration of D-alanine used
to assay the incubation. Since the concentration of D-alanine initially
used in this work (10 mM) is well above the Km of D-alanine oxidation by
native enzyme (1.2 mM), a possible explanation was that the modified
enzyme,in-addition to having a much reduced Vmax’ has a greatly elevated
Km over that of the native enzyme. That this is, in fact, the explana-
tion is demonstrated in Figure 14B. Upon modification, the observed
Km has heen elevated by a factor of 40.

Figures 13 and 14 demonstrate that the inactivation of a catalytic
amount of enzyme is complete in 60-90 minutes. A more concentrated solu-
tion of the modified enzyme was desired for two reasons. The first was
so that the spectral characterizations of the modified enzyme described
in the next section could be performed. The second reason was to have
a solution of the modified enzyme dialyzed free of all small molecules, so
that the substrate specificity and residual activity of the modified enzyme
could be determined without the ambiguity caused by the presence of inhi-

bitors in the incubation. When the inactivation of higher concentrations



Figure 13:

Figure 14:

-151-

Inactivation of D-amino acid oxidase with D-propargylglycine
observed by the formation of the product at 300 nanometers.
In 1 ml of 0.1 M Hepes pH 8, the solution contained:

25 mM D-propargylglycine

0.05 mM  FAD

2,5 ug catalase
The reaction was initiated by addition of 0.021 nmole

D-amino acid oxidase.

Inactivation of D-amino acid oxidase with D-propargylglycine
observed by the assay of aliquots of an incubation with
D-alanine,
Preincubation: In 0.25 ml of 50 mM sodium pyrophosphate, pH 8.5,
the solution contained: 40 mM D-propargylglycine,
2.5 ug catalase, and 0.02 mM FAD. The reaction was

initiated by addition of 2.1 nmoles of D-amino acid oxidase.

A: Activity of a 10 ul aliquot of the enzyme as assayed with
0.1 M D-alanine in 1 ml of 50 mM sodium pyrophosphate, pH 8.5.
B: Apparent Km of D-alanine of the propargylglycine modified

D-amino acid oxidase.
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of enzyme was attempted, incubation for much longer time periods was
required to achieve complete modification. Two reasons are probable for
this difficulty, the first is in keeping the solution air saturated during
the course of the incubation. The second arises from the formation of
those same competitive inhibitors from the oxidation products of propar-

gylglycine discussed in the preceding section.

Preparation of modified D-amino acid oxidase.

A solution of D-amino acid oxidase was incubated with excess D-propar-
gylglycine as described in the "Experimental Section." The solution was
gently stirred in a 25 ml erlenmeyer flask for the desired time of incubation
(up to 8 hours).

To remove all small molecules (including the FAD coenzyme), the incu-
bation mixture was dialyzed twice against 500-1000 volumes of buffer con-
taining 1 M KBr followed by dialysis against low salt buffer.!1®

As had been reported by Horiike EE_El? the modified apoenzyme exhibits
an absorbance maximum at 318 nm not seen in native apoenzyme--this charac-
teristic absorbance is shown in Figure 15. The ratio of the absorbance
maxima at 278 nm and 318 nm is a measure of the degree of alkylation of
the enzyme and is a function of the time of incubation (Table I1). The value
of 1.35 appears to represent the alkylation of all susceptible enzyme
nucleophiles in the preaparation,

The modified apoenzyme was reconstituted by addition of (commercial)

FAD, the excess was removed by dialysis against low salt buffer. When the

reconstituted enzyme is reincubated with D-propargylglycine in a catalytic
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TABLE I
Progress of propargylglycine induced alkylation of D-amino acid oxidase

measured by the ratio of absorbance at 278 nm and 318 nm of the apoenzyme.

Time of incubation A278/A318+
2 hours 2.86
4 hours 2.01
6 hours 1.56
8 hours 1.35

+ the data presented are not corrected for - the use of enzyme
n70% homogeneous in these experiments
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Figure 15. Spectral properties of the propargylglycine/modified D-amino
acid oxidase,
(a): spectrum of the apoenzyme following exhaustive dialysis
versus 1 M KBr.
(b): after reconstitution of the apoenzyme with FAD and dialysis
to remove the excess (the spectrum is normalized at 318 nm) ,
(c): addition of 10 ul of 100 mM D-phenylalanine to 0.5 ml

reconstituded enzyme under anaerobic conditions.
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assav, the degree of linearity in product formation with time is a measure
of the extent of modification. It is of interest that modified enzyme
preparations wifh A278/A318 = 1.5 were found to be fully kinetically
modified (i.e., reincubation with propargylglycine results in linear
production of product) demonstrating that not all alkylations which
contribute to the absorbance are responsible for the modification of
kinetic properties. Also, even after 48 hours of high salt and 24 hours
of low salt dialysis, enzyme which had been incubated for greater than

6 hours with D-propargylglycine remains fully kinetically modified,

pointing out the stability of the alkylation under these conditions.

Physical properties of modified D-amino acid oxidase

The nature of the alkylation: Two features of the apoenzyme spectrum
of Figure 15 require further discussion. Even though the conditions of 116
dialysis to which the modified enzyme preparations was subjected is
sufficient to remove all traces of the coenzyme from the native enzyme,
the modified apoenzyme retains significant visible absorbance. This ab-
sorbance was not reduced by addition of D-phenylalanine, nor was it
removed by 24 hours of further dialysis against IM KBr. This evidence
demonstrates that should this absorbance be due to FAD, a fraction of
the coenzyme must have been placed in a severely changed environment by
the modification, or perhaps has itself been covalently modified. Experi-
ments with [14C—FAD] will provide certain answers to these questions.

The identity of the amino acid residue(s) which have undergone alkylation

is a matter open to speculation. The 318 nm absorbance of the fully modified
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apoenzyme has an extinction coefficient of approximately 70,000. Because
of the juxtaposition of this absorbance with that of the butylamine trapped
product of propargylglycine oxidation, it is tempting to implicate lysine
residues as the species which have undergone alkylation. However, Morasaki
and Bloch have characterized a species formed upon addition of histidine

methyl ester to 2,3 butadienyl esters and have shown it to have the probable

0
i
3™ C=CH—C—0-CH,~CH,
|
N== ~~N .
R
This species exhibits a Amax 319 nm, e 25,000.'7Carrying out the catalytic

structure CH

oxidation of L-propargylglycine with L-amino acid oxidase in the presence

of 100 mM imidazole resulted in the accumulation of a product with Amax 299 nm,
e 12,000, i.e., not significantly different from the product in non-nucle-
ophilic buffers. The probable explanation is that this concentration of
imidazole does not react rapidly enough with the conjugated allene in

solution to prevent the intramolecular lactonization.

Therefore, both the number and nature of alkylations is open to
question at this time, A determination of the stoichiometry of alkyla-
tion with radioactive propargylglycine showed 1.7 nmoles incorporated per
nmole enzyme, but this experiment was performed before the problems of
producing fully modified enzyme were realized, Therefore, this number may
underestimate the true stoichiometry by more than a factor of two.

A form of modified D-amino acid oxidase in which a single lysine
residue has been specifically alkylated has been previously prepared by

addition of sodium borohydride to a solution of the enzyme while it is
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carrying out the oxidation of D-alaninel!l®It was possible that enzyme
modified in this way might be unsusceptible to propargylglycine. Enzyme
modified by the method of Hellermar!8and Massey'W%as found to be inactivated
fully by D-propargylglycine, evidence that the lysine residue blocked by
that process is not the site of the deleterious modification induced by

D-propargylglycine.

Spectral properties of the reconstituted modified enzyme.

Whenever the treatment of an enzyme with an inactivating agent
results in the fomation of a catalyst with an activity unsusceptible to
further loss, it is important to determine whether or not all of the enzyme
molecules are participating in the residual activity. Therefore, D-phenyl-
alanine was added under anaerobic conditions to a solution of the recon-
stituted modified enzyme; this resulted in the rapid bleaching of essen-
tially all of the reconstituted flavin absorbance (Figure 15), demon-
strating the catalytic competence of nearly all of the enzyme molecules
in the preparation,

In kinetic studies (which will be detailed in the next section), it
was found that the Ki's of the competitive inhibitors benzoate and anthra-
nilate were much elevated in the modified enzyme, The binding of these
inhibitors to the native D-amino acid oxidase induces characteristic changes
in the visible absorbance spectrum of the enzyme. Figure 1¢ (compared with
Figure 17 for native enzyme) demonstrates that the manner of binding of the

enzyme and inhibitors has been significatly altered upon modification.
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Figure 16: Effect of benzoate and anthranilate complexation of the modified
D-amino acid oxidase,
(a): visible spectrum of the reconstituted propargylglycine/
modified D-amino acid oxidase.in 0.5 ml 0.05 M sodium
pyrophosphate, pH 8.5,
(b): addition of 5 ul' 0.5 M sodium benzoate to (a).

(¢): addition of 5 ul 0.5 M sodium anthranilate to (a).

Figure 17: Spectra of the complexes between D-amino acid oxidase and
benzoate and anthranilatell®
(a): visible spectrum of 8 nmoles of D-amino acid oxidase
in 0.5 ml 0,05 M sodium pyrophosphate, pH 8.5.
(b): addition of 5 ul 0.1 M_sodium benzoate to (a).

(c): addition of 5 ul 0.1 M sodium anthranilate to (a).
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Catalytic properties of the modified D-amino acid oxidase.

Substrate specificity: As stated earlier, it was first realized that
the enzyme had undergone marked changes in its catalytic properties when it
was found that the Km of D-alanine had been much elevated upon alkylation.
Other D-amino acids were then tested as substrates for the modified
D-amino acid oxidase, with the finding that certain amino acids are good
substrates of the modified enzyme (Table II). The apparent Ki (vs. D-ala-
nine) of the competitive inhibitors benzoate and anthranilate are included
in Table II. It was found that the enzyme retains its enantiomeric speci-
ficity -- L-alanine and L-phenylalanine are not detectably oxidized.

One way of quantitating the relative preference of the native and
modified enzyme for a substrate is to compare the Vmax/Km ratio for the
oxidation of an amino acid by the two enzyme forms; this ratio is
provided in the last column of Table II. By this criterion, both D-alanine
and D-propargylglycine are very poor substrates for the modified enzyme.
Also, D-proline, the substrate with the highest Vmax of any amino acid for
native holoenzyme, is a poor substrate for the alkylated enzyme. In contrast,
D-methionine and (especially) D-phenylaknine retain a significant fraction
of their activity by the Vmax/Km estimation. The manner in which the alkyl-
ation results in this reordering of substrate specificity is as yet unclear;
it could be related to the hydrophobicity of the amino acid substrate, but
information on the exact geometry of the active site before and after modi-
fication would be required before a conclusive argument can be made.

Another point of interest is whether a single modified enzyme species

is responsible for the oxidation of all of the amino acids. It was possible



TABLE II

Substrate specificity of native and propargylglycine modified D-amino acid oxidase

Modified Enzyme

Native Enzyme
Vmax Km Vmax/Km Vmax K Vmax/Km
D-alanine 100* 1.2 mM 83 20 50 mM 0.4
D-phenylalanine 220 1.7 129 130 2l 65 .
D-proline 310 1.4 221 27 11 2.5 g
D-methionine 120 0.3 400 100 2.9 35
D-valine 72 0.7 103 6 5.4 1.1
D-propargylglycine 70 2.0 35 4 13 0.3
Benzoate (Ki)+ 0.006 0.3
0.08 1.5

Anthranilate (K,) T
al]l maximal velocities relative to oxidation of D-alanine by native enzyme

*
+ as a competitive inhibitor of D-alanine oxidation
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that different enzyme forms in a microinhomogeneous population of modified
enzyme molecules contribute to the observed variation in substrate specifi-
city. Therefore, D-phenylalnine was examined as a competitive inhibitor

of D-alanine oxidation; it was found that D-phenylalanine is a potent
inhibitor, exhibiting a Ki of 2 mM, identical to the Km for its oxidation
by the modified enzyme. Although it is possible that the preparation used
was microheterogeneous, the observed kinetic behavior appears to be largely
attributable to a single catalytic species.

Rate determining step: With the observation that the binding of cer-
tain amino acid substrates and competitive inhibitors are altered by the
propargylglycine-induced modification, the question was raised as to whether
the binding of the imino acid product would also be impeded. Since ample
evidence exists that imino acid product release is rate determining in the
oxidation of amino acids by native enzyme"! an acceleration of product re-
lease in the modified enzyme could make some other step, e.g., flavin
reduction, partially or fully rate determining. Oné consequence of such
a development might be the appearance of substrate kinetic isotope effects
upon removal of the hydrogen at carbon 2.

In Table III are summarized the results of the examination of the iso-
tope effects (substituting deuterium for hydrogen at carbon-2) upon the
oxidation of three amino acids, D-alanine, DL-propargylglycine, and DL-
phenylalanine by native and modified D-amino acid oxidase. The breakage
of the CZ—H bond is clearly substantially rate determining in catalytic
oxidation of these amino acids by the modified enzyme. In view of the

wide variation in substrate specificity, it is of interest to note that
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the isotope effect on phenylalanine and propargylglycine oxidation is
increased and is exhibited only on Vmax’ in contrast to the findings with
native enzyme. These data support the supposition that a change in rate

determining step is a consequence of the modification.



TABLE III

Isotope effect on oxidation of amino acids by native and proparyglgycine modified

D-amino acid oxidase
Modified Enzyme

Native Enzyme
* + * ..I.
on V on K onV /K on V on K onV /K
max m max’ m max m max’ m
D-alanine 1.0 1.0 1.0 2.7 1.0 2.7
DL-phenylalanine 1.6 6:5 3.2 1.9 1.0 1.9 |
=
(o))
0.6 2.9 4.3 1.0 4.3 i

DL-propargylglycine 1.7

* maximal velocity of enzymatic oxidation of a—[lﬂ]amino acid divided by maximal velocity of

oxidation of o[“H] amino acid.
t Km of a-[lﬁ]amino acid divided by Km of a-[2H]-amino acid.
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3. THE MECHANISM OF INACTIVATION OF D-AMINO ACID OXIDASE UPON ITS

OXIDATION OF D-PROPARGYLGLYCINE

EXPERIMENTAL SECTION

Methods

Effect of reaction conditions on the number of catalytic oxidations

observed before inactivation of D-amino acid oxidase with D-propargyl-

glycine. In 0.1 M Hepes pH 8 or 0.1 M Hepes / 0.2 M butylamine HCI1
pH 8 at 30°C, 0.21 nmole of D-amino acid oxidase was added to a solu-
tion containing 0.05 mM FAD and 5, 7.5, 12.5, or 25 mM D-propargyl-
glycine. The increase in ultraviolet absorbance of the product was
monitored for 2 hours, after which time a linear increase in absor-
bance was observed. The number of turnovers was estimated by
extrapolating the final linear rate back to the time of addition of

enzyme.
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RESULTS

This chapter has thus far discussed the reactions which follow
enzymatic oxidation of propargylglycine and the properties of D-amino acid
oxidase which has been alkylated upon carrying out that oxidation. The
question of the mechnism of the modification process remains to be
answered.

This work has previously demonstrated that in catalytic oxidation of
propargylglycine by D-amino acid oxidase, it is the acetylenic imine (2)
not the acetylenic eneamine (7) which is the released product. Therefore,
the enzyme does not, in normal catalysis, abstract the B-proton of the
imine before its release, It has further been shown that although bound
to the enzyme for a number of minutes, the eneamine is not converted to

the species which causes the covalent modification. Therefore, the path-

ENZYME » ENZYME i,

way responsible for the observed inactivation must be different from the
pathway presented earlier for the catalytic oxidation.

A simplé model for the kinetics of active site directed inactivation
(such as that described in the Chapter I of this paper) makes the following
predietion: the number of catalytic events before inactivation of the enzyme

is governed only by the relative rates of the release of the inactivating

kinactivation s E—I

E + I ——— E+*]
turnover E + P
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species (k ) and attack on it by an enzyme nucleophile

(kinactivation
should be independent of factors which should affect steps prior to this

turnover
). 120 Therefore, the number of turnovers before inactivation

partition (such as substrate concentration of competitive inhibitors of
the substrate) or after the release of the electrophile (such as its
entrapment by nucleophiles in solution).

The number of catalytic oxidations of propargylglycine before inac-
tivation of D-amino acid oxidase was measured as a function of substrate
concentration in the presence and absence of butylamine. These values
were determined by both oxygen consumption assay (Figure 18A) and, more
quantitatively, by direct observation of the ultraviolet absorbance of
the products. As is shown in Figure 18B, the number of turnovers is
strongly dependent on both the concentration of substrate and nucleophiles
in the incubation. The maximum number of turnovers before inactivation
is observed is 2600.

A possible explanation of the observed dependence of the number of
turnovers before inactivation on the conditions of the experiment could
be the alkylation process taking place in part from molecules of 2-imino-
3,4-pentadienoate free in soluion. By this mechanism, the inactivation
process might be partially competitive with substrate and be slowed by
conditions which prevent accumulation of thelelectrophile. However,

200 mM butylamine HCl offers only partial protection; therefore the sus-
ceptible enzyme nucleophile (present at 21 nM in catalytic assays) would be
required to be very reactive towards the allene.

Experiments have been discussed in which incubations of D-amino acid
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Figure 18: Effect of reaction conditions on the number of catalytic
oxidations observed before inactivation of D-amino acid oxidase
with D-propargylglycine.

A: Reaction of 2.5 mM D-propargylglycine with 30ug oxidase
in a 0.4 ml oxygen electrode cell,
(a): in 100 mM Hepes pH 8.

(b): in 100 mM Hepes / 100 mM butylamine pH 8.

| =

The number of catalytic oxidations observed before inacti-
vation as a function of substrate concentration and
solution nucleophile as monitored by the ultraviolet
absorbance of the products.

(a): In 1 ml of 100 mM Hepes pH 8, the solution contained
2.5 pg catalase and 0,05 mM FAD. The reaction was
initiated by addition of 0.021 nmole D-amino acid
oxidase and the product monitored at 300 nm.

(b): Same conditions as (a) except done in 100 mM Hepes /
200 mM butylamine HC1 pH 8 and the product was

monitored at 318 nm.
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oxidase, L-propargylglycine, and L-amino acid oxidase have resulted only
in the formation of strong competitive inhibitors--no alkyated D-amino
acid oxidase could be produced in such incubations. Since the conjugated
allene which must have transient existence in these mixtures does not
induce the covalent modification, it follows that the catalytic action
of D-amino acid oxidase on propargylglycine is required to produce the
inactivator at the susceptible site,

The evidence is inconclusive; the following mechanism is presented
as being consistent with the experimental observations, The first step
in any mechanism must be the oxidation of propargylglycine to 2-imino-
4-pentynoate (2) with concomitant reduction of the FAD coenzyme. Since
the reoxidation of the enzyme by molecular oxygen is a fast process in
catalysis by D-amino acid oxidasé? the enzyme will be considered to be
in the oxidized form in all further steps. This assumption is not
necessarily valid, however it is difficult to imagine substrate pro-
tection if the inactivation process does not involve the oxidized
enzyme,

There has been no evidence which suggests that once a molecule
of (2)is released by the enzyme that it ever takes part in the cova-
lent modification, (2)is rapidly converted to the eneamine (7); it is
necessary that 2-imino-3,4-pentadienoate (3) be formed transiently during
the conversion of (7) to the lactone (6), but the lifetime of the allene
in solution must be too short for it to be a factor in the observed modi-
fication.

The proposed inactivation pathway involves enzyme catalyzed conver-
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sion of (2) to (3) while still at (or near) the active site of the enzyme.
This occurence, a relatively rare event (0.1 - 0.2%) can result in inac-
tivation. Since the modification does not result in completely inactive
enzyme, the site of alkylation must be removed from the site of substrate
binding. Thus the binding of another molecule of propargylglycine can
result in a protein conformational change which facilitates diffusion

of the allene away from the enzyme. The position of the bound allene must
also be open to diffusion of solution nucleophiles, thus explaning the ob-
served partial protection provided by high concentrations of amines.

In order for there to be a more complete understanding of the mechanism
of propargylglycine induced modification of D-amino acid oxidase, information
as to which residues are modified and the position of these residues in the
three dimensional configuration of the enzyme will be necessary. The amino
acid sequence of D-amino acid oxidase is not yet known, nor is the three
dimensional structure. Therefore, it is impossible for there to be more

than conjecture at this time on the mechanism of the modification process.
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DISCUSSION

The modification of D-amino acid oxidase upon its oxidation of
D-propargylglycine was the first active site directed reagent found which
covalently modifies an amino acid residue of D-amino acid oxidase.®! Recent
work from the laboratory of Porter and Bright reports the modification of
D-amino acid oxidase with an affinity reagent , N-chloro-D-leucine.!3 In-

cubation of the enzyme with this substrate analogue results in the incor-

D-AMINO ACID ifH“Cl_
OXIDASE (CH3)2CH-CH2-(IZ—COO ——  D-AMINO ACID OXIDASE—CI,
H

poration of two atoms of chlorine into the enzyme, possibly a specific
tyrosine residue. Enzyme thus modified has changed kinetic parameters --
the Vmax of D-alanine oxidation is reduced to 28%, the Km is increased
from 1.2 mM to 6.1 mM. By using rapid kinetic techniques,!3 Porter and
Bright demonstrated that modification of one fundamental step, i.e.,
a 1000 fold reduction in the specific rate of flavin reduction, is the
cause of the change in steady state kinetic parameters. Such stopped-
flow apparatus was not available for the examination of propargylglycine
modified D-amino acid oxidase; therefore, indirect methods were used to
gather information on the mechanism of its catalysis.

"Wounded enzyme' species have also been produced by thiol reagents
(not necessarily active site directed); two enzymes have been so modified
upon reaction with methylmethanesulfonate. In the case of rabbit muscle
creatine kinase,!?! the modified enzyme was found to retain 28% of its initial

activity with no change in the Michaelis constants of its substrates.??2 In
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contrast, pig heart lactic dehydrogenase exhibits no change in Vmax upon

modification, but the Km of pyruvate is increased from 40 uM to 12 mMJza

The reaction of pig heart cytoplasmic aspartate aminotransferase in syn-
catalytic manner with a variety of thiol reagents have been reported to
yield enzyme species with a considerable fraction of their initial activity]'.zq
More detailed kinetic properties of these modified catalysts were not
reported.

The present work is the first documented case of a modified enzyme
being found to have dramatically changed substrate specificity. The con-
figuration of the active site following alkylation is likely to be more
complex than simple steric interferance at the active site. The intro-
duction of a five carbon, probably negatively charged, residue induces a
conformational change such that D-phenylalanine, a large and hydrophobic
amino acid, is the best substrate, It is surprising that the oxidation of
the smallest amino acid substrate, D-alanine, is the most severly affected.
Because of the residual activity, the site of the modification cannot be
exactly "at the active site" in the sense that the phrase is commonly used.
However, it is clear that the modification severly alters the structure |
of the active site, in a manner as yet undetermined.

The rate determining step of the enzymatic oxidation process has
also been changed upon modification. The appearance of a primary kinetic
isotope effect implies that a proton transfer step is at least partially
rate determining, rather than product release as in native enzyme$) The
binding of the competitive inhibitors benzoate and anthranilate is even

more severely impaired upon modification than that of any amino acid;
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that is consistent with enzyme recognition of these compounds as product
analogues.

The pathway following the oxidation of each molecule of propargyl-
glycine has been studied in detail. The assignment of the acetylenic
eneamino acid structure as the initially observed product is based on
the charge transfer complex induced, the short lifetime of the ultra-
violet absorbance which characterizes it, and model studies of a similar
transient substance produced upon the oxidation of allylglycine.

In the process of its catalytic oxidation of propargylglycine, covalent
modification of the enzyme occurs infrequently (<0.1%). It was possible
that the alkylation might proceed from the occasional conversion of the
acetylenic eneamine to the conjugated allene while bound at the active
site as the charge-transfer complex. However, no inactivation via this
process was observed; evidence against the direct conversion. The second
possibility was that modification proceeds from the allene produced by
rearrangement in solution. All efforts to demonstrate this by incubation
of D-amino acid oxidase, L-propargylglycine, and L-amino acid oxidase were
unsuccessful. This evidence, together with the failure of nucleophiles in
solution to prevent inactivation, makes it unlikely that alkylation pro-
ceeds to any extent from allene formed in solution,

Because of the partial protection of high concentrations of substrate
and/or amine nucleophiles, it is necessary to postulate that the inactiva-
tor is loosely associated with the enzyme before inactivation takes place.
Once in many turnovers, the bound imine undergoes propargylic rearrangement

to the allene while still at (or near) the active site (presumably catalyzed
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by some general base on the enzyme). The resultant conjugated allene is
attacked by a nucleophile proximal to, but not inside, the active site of
the enzyme. The allene must be partially accessible to nucleophiles from
solvent; furthermore, binding of substrate must cause the more rapid
diffusion of the allene away from the susceptible nucleophiles. Once in
solution, the allene has a short lifetime, its decomposition is a uni-
molecular reaction, preventing its accumulation in sufficient concentration
to alkylate the enzyme,

The product which accumulates in solution is most likely the eneamine
lactone designated by structure 6A. Although the amounts of material
available have prevented proper structural identification to date, the
characterization of this compound as a neutral species with acid and
base labilities yielding known compounds makes the assignment of structure
6A a reasonable probability. Acetopyruvate (4) and 2-amino-4-keto-
2-pentenoate (5) appear to be the end products of the pathway. Except
for the acid lability of 5 to 4, they are stable in solution.

Propargylglycine and other acetylenic amino acids have been used as
inactivating agents of a number of enzymes. Simple kinetic and mechanistic
hypotheses have often been used in the examination of these processes.

This work has demonstrated that simple models may not be adequate to
describe the action of these compounds as "active site directed" inactiva-
tors. The examination of this enzyme modification is not yet complete;

with continued work on the physical and catalytic properties of the modified
D-amino acid oxidase, a greater understanding of how the enzyme carries out

its catalysis may be achieved.
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