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Abstract-The breadth of substrate specificity shown by the multispecific aspartate-aromatic aminotransferase of 
bushbean (Pheolus uufgoris) has ken investigated by testing the ability of two cytosolic isozymes (I and II), purified 
from shoot tissue, to catalyse transamination reactions between a range of ring- and sidechain-substituted aromatic 
amino acids and 2-oxoglutarate. Ring-substituted phenylalanines were the most reactive substrates whereas ring- 
substitution in tyrosineor tryptophaa resulted in transamination rates lower than those observed with the parent amino 
acids. All side chain-substituted analogues were found to be totally inactive. The highest activity shown by any ring- 
substituted phenylalanine was observed with the Camino- compound, followed closely by the 4-hydroxy- and 4- 
halogencompounds. In contrast, 4-nitrophenylalanine was completely inactive. These trends were consistent for both 
isozymes I and II, but only isozyme II showed greatly enhanced activity over that found with the parent amino acid 
when certain ring-substituted analogues were tested. The varying capacity of the bushbean isozymes to utilize the 
present range of substituted amino acids is compared with previous reports on the substrate specificity shown by 
aspartateand aromatic aminotransferases isolated from mammalian and microbial systems. A model for the mechanism 
of activation observed with bushbean isozyme II in the presence of certain Csubstituted aromatic amino acids is 
proposed, based on current understanding of the nature of the active site of animal aspartate aminotransferases. 

INTRODUCTION 

A multispecific asparrate-aromatic aminotransferase [I], 
purified from roots of bushkan seedlings. was found to 
readily catalyse the transamination reaction between L- 
aspartate and 2-oxoglutarate (2-OG) and also exhibited 
moderate activity toward the three aromatic amino acids 
when 2-OG was supplied. In the same year, it was reported 
that aspartate aminotransferases in the cytosol and mito- 
chondrial fractions from pig heart could also utilize the 
three aromatic amino acids as substrates [Z] and this was 
confirmed in a detailed study of the two enzymes [33. In a 
later study [4]. an aspartate-aromatic aminotransferase 
was isolated from extracts of Escherichia coliand the pure 
enzyme was able to catalyse the transamination of L- 
aspartateand each ofthe threearomaticaminoacids when 
2-OG was supplied as the amino-group acceptor. Thus, it 

l Part 3 in the series: Metabolism of chloro-phenylalanines by 
multispecific aspartatc-aromatic aminotransferases in crop and 
weed plants. This series is dedicakd to the memory of our former 
colleague, Budhi Singh Rauthan, who first demonstrated in 1972 
the in uivo conversion of L-phenylalanine 10 phenylacetic acid in 
higher plants. Mr Rauthan was killed in the crash of the Air India 
Boeing 747 into the Atlantic Ocean, 23 June 1985. 

tAuthor to whom correspondence should be addressed. 

would appear that multispecific aspartate-aromatic 
aminotransferases are widely distributed in living systems 
IS, 61. 

We have recently reported the purification of two 
cytosolic isozymes (I and II) of aspartate-aromatic amino- 
transferase from bushbean shoots [7, 83 which showed 
similar multispecificity. These isozymes were also found 
to catalyse the transamination of ring-chlorinated pheny- 
lalanines lo varying degrees [8]; isozyme II, for example, 
showed very high activity when 4chlorophenylalanine 
was the substrate but much lower activity with the 2- 
chloro- or 3chloro- analogues. Since it was earlier found 
that the aspartate-aromatic aminotransferase from bush- 
bean roots exhibited high activity with 3-iodo-t_-tyrosine 
[I] and that mammalian aromatic aminotransferases 
were reported lo show activity toward several ring- 
substituted aromatic amino acids [S-l 11, we decided to 
investigate further the range in substrate specificity shown 
by the cytosolic isozymes I and II from bushbean shoots. 
The ability of these isozymes to catalyse transamination 
reactions between 2-OG and a series of side chain- and 
ring-substituted aromatic amino acids was examined in 
the present study. The capacity of the bushbean isozymes 
lo utilize rhe ring-substituted aromatic amino acids is 
compared with earlier results reported for the aromatic 
aminotransferases in mammalian and microbial systems, 
and the data is examined in the light of current under- 
standing of the mechanism of aspartate aminotransferase 
activity and the nature of its active site. 
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RESULTS AND DISCUSSION 

isolation of bushbean aminotransferase isozymes I and 11 

The results obtained during purification of the 
aspartate-aromatic aminotransferase isozymes 1 and II 
from an enriched cytosolic fraction from IO-day-old 
bushbean shoots are summarized in Table 1. The pro- 
cedure used to prepare a cytosolic fraction involved gentle 
homogenization of shoot tissue in isotonic medium 
followed by differential centrifugation of the homogenate 
to separate intact nuclei, chloroplasts, mitochondria and 
microbodies from the cytosol. The L-phenylalanine 
aminotransferase activity of this fraction was 
0.300 mU/mg protein, which is considerably higher than 
that reported in our earlier paper [7] for a total soluble 
extract of an equivalent sample of bushbean shoots 
isolated in hypotonic medium (0.20 mU/mg protein; total 
protein = 3000 mg). Since the total activity in each case 
was ca 0.60 units, this would suggest that while the present 
enriched cytoplasmic fraction contained only 65 % of the 
protein present in the total soluble extract [7], it con- 
tained most of the t_-phenylalanine aminotransferase 
activity (ca 96 %). This implies that about 35 % of the total 
cell protein, but only 34% of the t_-phenylalanine 
aminotransferase activity, was contained in the total 
particulate fraction. Thus, in bushbean shoots, most of the 
L-phenylalanine aminotransferase activity is located in the 
cytosol. 

The enriched cytosolic fraction was then subjected to 
ammonium sulphate fractionation and the protein pre- 
cipitated at the 40-70 y0 saturation step was redissolved 
and filtered through a column of Sephacryl S-300. At this 
point, the t.-phenylalanine aminotransferase activity had 
been increased about six-fold per mg protein. When the 
fraction exhibiting this activity was chromatographed on 
a DEAE-Sephacel column at pH 6.8 using a O-250 mM 
KCI gradient, the t_-phenylalanine aminotransferase ac- 

tivity was resolved into two fractions, provisionally called 
isozymes I and II. Each isozymic fraction was further 
purified by chromatography on hydroxylapatite at 
pH 7.5, and isozyme 11 was subjected to a final chromat- 
ography step on a DEAE-Sephaccl column at pH 8.10. 
The overall purification achieved was about 280-fold with 
a 69 y0 recovery of total L-phenylalanine aminotransferase 
activity (Table 1). Both purified isozymic fractions were 
shown to be free of other L-aromatic aminotransferases 
by PAGE followed by assay of the gel slices, as previously 
described [7]. 

The substrate specificity of isozymes I and II for each of 
the four common aliphatic keto acids was tested in the 
presence of D.Lphenylalanine and each of the 
monochloro-D,L-phenylalanines, with the presumption 
that other mono-ring-substituted aromatic amino acids 
would display similar keto acid specificities. Isozyme 11 
clearly preferred 2-oxoglutarate (2-OG) as the keto acid 
when D,lrphenylalanine or any monochloro- 
phenylalanine was the amino donor (Table 2). Isozyme I 
was able to utilize 2-OG or oxaloacetate (OAA) about 
equally with D,L-phenylalanine, but only 2-OG was able 
to support the activity of this isozyme in the presence of 3- 
chloro- and Qchloro-phenylalanines. 2-Chlorophenyl- 
alanine was not metabolized by isozyme I. Neither 
isozyme was able to utilize glyoxylate or pyruvate as keto 
acid substrates with any of the amino donors supplied. 
Since both isozymes clearly favoured 2-OG in the pre- 
sence of phenylalanine and the monochloro- 
phenylalanines, it was chosen as the keto acid for all 
subsequent amino acid substrate specificity studies de- 
scribed below. 

L-Amino acid substrate specificity and its relation to 
current theory on the mechanism of aminotransferase action 

The substrate specificities of isozymes I and II were next 
tested with a group of L-amino acids containing represen- 

Tabk 1. Purification of the aspartate-aromatic aminotransferase isoxymes I and II from an enriched cytoplasmic fraction 
prepared from lo-day old bushbean shoots 

Puriikation 

step 

Protein 

(me) 

Total 
activity 
(units) 

Sp. activity 
(units/mg protein Recovery Purification 

x lo-‘)* (%) (Fold) 

1. Isotonic extraction 
2. 40-70% (NH&SO, 

precipitation 
3. S300 gel filtration 
4. DEAESephacel chromato- 

graphy at pH 6.8: lsozymc I 
Isozymc II 

5. Hydroxylapatite 
chromatography: lsozyme I 

6. Hydroxylapatite 
chromatography: lsoxymc II 

7. DEAE-Sephaccl chromato- 
graphy at pH 8.1: Isozyme II 
Plus step (5) 

1950 0.58 0.300 100 - 

1260 0.56 0.444 97 1.5 
317 0.55 1.74 95 5.8 

63 0.15 
100 0.36 

163 0.51 3.13 87 10.5 

1.6 0.10 

8.0 

9.6 

3.2 0.30 
1.6 0.10 

0.34 

0.44 45.8 76 154 

4.8 0.40 83.3 69 280 

*Unit of Enzyme Activity will convert I pmol L-phcnylalanine to 1 pmol phenylpyruvic acid per min at 35”. pH 8.5 
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Table 2. Kcto acid substrate specificity of bushbean aspartate-aromatic aminotransferase isorymes I and II 
when supplied with aL-phenylalanine (PHE) or a monochloro-nL-phcnylalanine 

substrate lsozymc I lsozyme II 

Kcto acid* Amino acidt 

Sp. activity 
(units/mg 
protein 
x 10-q 

Relative 
activity 

( %I% 

Sp. activity 
(units/mg 
protein 
x 10-J) 

Relative 
activity 

( %H 

2-oxoglutaratc Phe 17.4 100.0 38.0 100.0 
ZCI-Phc 0 0 12.9 34.0 
3CI-Phe 9.2 52.4 32.3 85.0 
4Cl-Phc 21.7 123.9 125.4 330.0 

Oxaloacetate Phe 18.4 105.0 22.8 60.0 
ZCI-Phc 0 0 0 0 
3CI-Phe 0 0 18.5 49.0 
4Cl-Phc 0 0 57.7 152.0 

Glyoxylatc Phe 0 0 0 0 
20Phc 0 0 0 0 
3Cl-Phc 0 0 0 0 
4CI-Phe 0 0 0 0 

Pyruvate Phe 0 0 0 0 
ZCI-Phe 0 0 0 0 
3CI-Phc 0 0 0 0 
4Cl-Phe 0 0 

*All kcto acids were tested at a final concentration of 10 mM. 
t All amino acids were o.L-isomers tested at a final concentration of 40 mM. 
$TheactivityofisozymcIorIIwitheach kctoacidisexpressedasapercentapoftheactivityobservedwith 

mL-Phe as the amino acid and 2-oxoglutaratc as the keto acid. 

Table 3. LAmino acid substrate specificity of bushbam aspartate-aromatic amino- 
transferase isozymcs I and II 

Isozymc I lsozyme II 

Substrate 
amino acid 
tested* 

Sp. activity Relative Sp. activity Relative 
(units/mg protein activity (units/mg protein activity 

x lo-‘) ( %I* x IO-J) ( %H 

~-Asp 6WO.O 100.0 28 12.0 100.0 
L-MCI 0 0 0 0 
~-Ala 0 0 0 0 
L-Val 0 0 0 0 
L-Lcu 0 0 0 0 
L-Glu 0 0 0 0 
L-Gin 0 0 0 0 
L-Gly 0 0 0 0 
L-Phc 40.8 0.68 90.0 3.2 
L-Tyr 20.6 0.34 141.0 5.0 
L-Trp 9.4 0.16 132.2 4.7 

*All substrate amino acids were tested at a final conomtration of 4OmM. except L- 
tyrosine and L-tryptophan which were assayed at 20 mM final concentration. Except with 
L-glutamate. the kcto acid supplied was 2-OG in all cases, at a final concentration of 
10 mM. When L-glutamate was tested as amino donor, OAA was supplied as the kcto acid 
at a final concentration of 10 mM. 

tThcactivityofeachcompound isexpressedasa perccntagc ofthcactivityof L-aspertate 
assayed at the same concentration. 

tative members of each major family of amino acids based aspartatc as well as each of the three aromatic amino acids 
on their routes of biosynthesis [12]. The results, con- when 2-OG was supplied as the keto acid (Table 3). The 
firmed that both isozymes were multispecific aminotran- rate of aromatic aminotransferase activity was low 
sferases capable of catalysing the transamination of (0.1-S %) compared to that obtained with aspartate. and 
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glutamate was transaminated quite effectively when OAA 
was provided as the keto acid. None of the other L-amino 
acids tested were transaminated. 

These results are very similar to those we reported 
earlier for two cytosolic isozymes of aspartate-aromatic 
aminotransferase purified from bushbean shoots [8] and 
to those obtained with a multispecific aspartate amino- 
transferase purified from bushbean roots [l]. 
Mammalian and bacterial aspartate aminotransfera~s 
have also been shown to exhibit similar multis~ificity. 
Early studies with this enzyme isolated from pig heart 
tissue showed that while aspartate was certainly the 
primary substrate, aminotransferase activity ranging from 
2 to 6% was also observed when any one of the three 
aromatic amino acids was supplied [ 133. Later investiga- 
tions with homogenous preparations of aspartate amino- 
transferase purified from rat liver [IO] and rat heart [ 141 
found thearomaticaminotransferaseactivity to beas high 
as l(r250/0 of that observed with aspartate. However, 
when the same enzyme was purified from rat brain tissue, 
its activity with the aromatic amino acids was much lower, 
being only 0.1-0.25 “,‘, of that found with aspartate [IS]. A 
multispecific aspartate aminotransferase, which preferred 
aspartate as its primary substrate, but also showed 
10- 13 :/, activity when supplied with any of the aromatic 
amino acids was found in E. co/i [4]. 

L-Aspartate was able to competitively inhibit the L- 
phenylalanine aminotransferase activity exhibited by a 
multispecific aspartate aminotransferase purified from 
bushbean roots [16]. This was confirmed in our earlier 
studies [S] where the t.-phenyialanine aminotransferase 
activity of aspartate aminotransferase isozyme II from 
bushbean shoots was found to be inhibited up to Soy< by 
physiological concentrations of t-aspartate. The results 
clearly suggest that both the aliphatic and aromatic amino 
acid substrates compete for the same active site on the 
multispecific isozyme II in bushbean shoots. 

Thus, our earlier and present findings confirm that in 
bushbean, as in certain animals and bacteria, there are 
multispecific aspartate aminotransferases which show 
very similar substrate specificities. The structural similar- 
ities between aspartate and glutamate as substrates is 
apparent, but the fact that this enzyme also shows an 
affinity, albeit much reduced, for a group ofamino acids as 
structurally different as the aromatic amino acids, yet 
shows little or no affinity for other aliphatic amino acids, 
seems very unusual at first glance. The keto acid substrate 
specificity of the enzyme generally favours 2-OG and 
OAA which, like glutamate and aspartate, are also S- and 
4-carbon dicarboxylates, respectively. 

Since the properties of plant aminotransferases were 
last reviewed in this journal [S] some new details of the 
mechanism of action of these enzymes have come to light 
and are of particular relevance to the present study. The 
dynamic model for the mechanism of aminotransferase 
activity was proposed by Ivanov and Karpeisky [ 171 and 
reviewed by Braunstein (33 and by Metzler [i 81. While 
the present model has arisen from studies of L-aspartate 
aminotransferase (EC 2.6.1.1) from animal sources, all the 
evidence currently available suggests that plant amino- 
transferases operate through a ping-pong bi-bi mechan- 
ism [ 19. 201 similar to that of animal aminotransferases 
[S, 211. Recently. Arnone et ~1. [22, 231 and Kirsch er al. 
[24] have proposed stereochemical mechanisms for trans- 
amination which are progressive variations of the basic 
mode1 of Ivanov and Karpeisky. The mechanisms are 
based on X-ray and micros~trophotometric studies of 

single crystals of L-aspartate aminotransferase purified 
from both cytosolic and mitochondrial fractions of pig 
heart. 

While we are unaware of any detailed study on 
mechanism of action performed with a plant aminotrans- 
ferase, it is known for animal aspartate aminotrans- 
ferascs that, for steric reasons, formation of the Michaelis 
complex must occur between the open conformation of 
the PLP-enzyme and the zwitterion form of the amino 
acid substrate 1231. The aspartate molecule is guided into 
the active site; the negative charge on the phenolate 
oxygen of the coenzyme attracts the protonated amine of 
aspartate, the positive charge on the guanidium group of 
Arg 386 in subunit 1 forms an ion pair with the a- 
carboxylate group of aspartate while the positive charge 
of Arg 292* in the neighbouring subunit forms a similar 
ionic interaction with the &carboxylate group [23]. This 
results in changes in pK values of both the substrate and 
the coenzyme such that a proton can be transferred from 
the a-NH3 l group of the substrate to the imine nitrogen 
of the internal Schiff base [ 18). The ar~ngement of the 
charges on the arginine residues and the shape of the 
pocket of the active site prevent non-productive binding 
and the binding of Gsomcrs of amino acids 1241. The 
active site cavity has strong steric constraints and only 
carboxylates with the cisoid eclipsed carboxylate group 
conformation can bind to aspartate aminotransferase 
cw. 

It has been reported that the enhanced specificity for 
dicarboxylate substrates observed in animal aspartate 
aminotransferases isdetermined mainly by the interaction 
of these substrates with the Arg 386and Arg 292* residues 
of the enzyme subunits [24]. The com~n~tion of the 
charges on the arginine residues is thought to contribute 
to the conformational change of the PLP-enzyme from 
the open to the closed conformation, necessary for an 
efficient aldimine to ketimine conversion [24]. In this 
connection, a comparative study of the amino acid 
sequences of several aspartate aminotransferase isozymes 
purified from animal cytosolic and mitochondrial frac- 
tions, and from E. co/i, showed that all isozymes had 
positively-charged arginine residues at 292* and at 386 
t-261. 

Thus, the ability of aspartate aminotransfera~s from 
various sources to make limited use of the aromatic amino 
acids as substrates may well lie in the allinity of the 
electron-rich aromatic ring for the positively-charged area 
(Arg 292.) of the active site normally occupied by the 
distal carboxylate group of aspartate or glutamate. The 
degree to which this important ‘ion-pairing’can occur will 
affect the degree to which the enzyme can assume a closed 
conformation and subsequently, the efficiency of the 
aldimine to ketimine transition. The importance of ring 
structure on aminotransferase activity will become more 
apparent in the next section discussing the results of 
substrate specificity studies with the bushbean isozymes I 
and II using a range of substituted aromatic amino acids. 

Substrare spec$city studies wirh substituted aromatic 
amino acids 

isomer and sidechain substiturion effects. The amino- 
transferase activities of isozymes I and II when different 
substituted aromatic amino acids were provided as the 
substrate are shown in Tables 4-6. Although most of the 
substituted acids tested were supplied in the o&-form, 
whenever the two isomers were examined separately, 
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Tabk4. Substrate speciticity of bushbatn aspartate-aromxtkaminotmnsferase isoxymes I and II for a series 
of substituted phenykknine (Phc) analogua 

substrate 

amino acid 
1csted* 

lsozyme I lsozyme II 

sp. activity Sp. activity 
(units/mg Relative (units/mg RCktive 
protein activity protein activity 
x 10-q (%lt x lo-‘) (%kt 

Parent compound 
L-Phe 
BPhc 
D, L-Phc 
Sidechain-substituted 
t+Acetyl-L-Phc 
r+Chloroacetyl-L-Phc 
r+Chloroacetyl-qL-Phc 
N-Carbobetuoxy-L-Phe 
a-Methyl-L-Phc 
Ring-substituted 
2-Fluoro-qL-Phc 
3-Fluoro-qL-Phe 
CFluoro-QL-Phc 
2-Chloro-qL-Phe 
3-Chloro-qL-Phe 
4-Chloro-qL-Phc 
4-Bromo-qL-Phc 
4-lodo-qL-Phc 
QAmino-qL-Phe 
4-Nitro-qL-Phc 
2-Naphthylakninc 
Sidechain and ring-substituted 
Acetyl-2-fluoro-qL-Phe 
Aatyl-3-fluoro-qL-Phe 
a-Methyl-3-methoxy+LrPhc 

41.0 254.0 93.6 227.0 
0 0 0.5 1.4 

16.0 loo.0 33.9 100.0 

0 0 3.3 9.5 
0 0 7.2 21.7 
0 0 21.6 64.0 
0 0 6.3 19.0 
5.6 35.0 16.5 49.0 

Il.5 72.0 88.8 263.0 
10.2 64.0 54.0 316.0 
6.7 42.0 45.3 263.0 

25.9 162.0 158.1 468.0 
0 0 0 0 
0 0 0 0 

0 
0 

0 

0 
0 
0 

0 

0 
0 

0 
0 
0 

*All substrate amino acids were tested at a lid concentration of40 mh4, except the Cbromo- and Qiodo 
compounds which were tested at a final concentration of 20 mM. due to limited solubility. The keto acid 
supplied in each case was 2-OG at a final concentration of 10 mM. 

Yfhcactivity of each compound is cxptessed as a percentage of the activity of the corresponding isomer of 
the unsubstituted parent compound assayed at an equivaknt concentration. 

activity with the Gsomer was either absent or very low 
both with the parent amino acid and with substituted 
derivatives. This can be seen, for example, by comparing 
the activities of the D and t-isomers of phenylalanine 
(Table 4), tyrosine and 3,edihydroxyphenylalanine 
(DOPA) (Table 5) and of ttyptopltan and S-hydroxy- 
tryptophan (Table 6). With the parent amino acids, the 
o&isomer was generally co 40-50 “/, less active than the L 
isomer when assayed at an equivalent concentration, 
which confirmed that the purification of isozymes I and I1 
had resulted in the isolation of ~-specific forms of each 
enzyme. Compounds containing substituents in the side- 
chain which included N-acetyl-, Nchloroacetyl-, N- 
carbobenzoxy-, O-carbobenzoxy-, or a-methyl- groups, 
were all found to be inactive (Tables 4-6). Substitution at 
the a-carboxyl group would prevent the important ionic 
pairing with a strongly positive amino acid residueclose to 
the coenzyme (such as Arg 386) as discussed above. 
Substitution at the nitrogen of the amino group would 
prevent the latter from reacting at the active site on the 
aminotransferase, since the lack of a protonated amino 

group would prevent formation of the transaldimination 
intermediate. Thus, the N-substituted amino acids would 
not be expected to have aminotransferase activity. The cf- 
H atom also plays an essential role in the aminotratts- 
ferase mechanism since it is removed from the a-C of the 
aldimine form of the Schill’s base prior to the formation 
of the tautomeric ketimine form of the complex. 
Therefore, as might be expected, a-methyl substituted 
derivatives were also found to be inactive as substrates for 
the bushbean isozymes I and II (Tables M). Sidechain 
substitution accompanied by ring substitution completely 
abolished any activity observed as a result of ring 
substitution alone. For example, N-acetylation of 2- and 
3-fluoro-substituted D,t_-phenyhtlanines resulted in com- 
plete loss of the activity observed with these ring- 
substituted phcnylalanines (Table 4). a-Methylation of 
the sidechain of 3,4dihydroxy-t-phenylalanine also abol- 
ished the activity shown by this compound (Table 5). 

Ring-substituted phenylalanine analogues. Substrate 
specificity studies with a series of ring-substituted phenyl- 
alanines showed that many analogues were transaminated 
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Tabk 5. Substrate specificity of bushbean aspartatc-aromatic aminotransfcrasc isozymcs I and II for a series 
of substituted tyrosirte vyr) a~~loguca 

Isozymc I lsozymc II 

Sp. activity Sp. activity 
substrate (units/mg Relative (units/mg Relative 
amino acid protein activity protein activity 
tested* x 10-q (%)t x lo-‘) (%)t 

Parent compound 
L-Tyr 20.0 190.0 156.0 222.0 
BTyr 0 0 5.0 1.4 
4 L-Tyr 10.5 100.0 70.0 100.0 
Sidechain-substituted 
O-Carbobenzoxy-L-Tyr 0 0 0 0 
N-Aatyl-L-Tyr 0 0 0 0 
N-Chloroacctyl-L-Tyr 0 0 0 0 
N-Carbobcttzoxy-t_-Tyr 0 0 0 0 
Ring-substituted 
Q L-u-Tyr 0 0 0 0 
QL-m-Tyr 0 0 16.0 23.0 
3,CDihydroxy+Phc 7.0 35.0 73.0 47.0 
3.CDihydroxy-c+Phc 0 0 0 0 
3-lodo-L-Tyr 7.6 38.0 88.0 56.0 
3-Amino-L-Tyr 3.0 15.0 45.0 29.1 
3-Nitro-L-Tyr 0 0 10.55 6.7 
3,5-Diiodo-L-Tyr 0 0 0 0 
3.5~Dibromo-L-Tyr 0 0 5.0 3.2 
3,5-Dinitro-L-Tyr 0 0 0 0 
Sidechain and ring-substituted 
cr-Methyl-qL-m-Tyr 0 0 0 0 
o-Methyl-QL-Tyr 0 0 0 0 
a-McthyL3,4dihydroxy-at_-Phe 0 0 0 0 

*All substrate amino acids were tested at a final concentration of 20 mM. The kcto acid supplkd in each 
case was 2-OG at a final concentration of 10 mM. 

t’Iheaaivityofeachcompoundisexpr*lsedurapcrantDpofthcactivity ofthccotesponding isomerof 
thetmsubstitutcd parent compound assayed at an cquivaknt concentration. 

by both isozymes I and II (Table 4). lsozyme II was able to 
utilize all halogenated phenylalanines as substrates and 
especially the amino-substituted derivative. With the 
Buoro- and chloro-substituted analogues, isozyme II 
showed an increasing ability to transaminate the amino 
acid as the ring-substituent shifted from the 2- to 3- to 4- 
position. 4-Chloro-D.L-phenylalanine was transaminated 
at a rate which was more then 2.5fold higher than that 
obtained with the parent D.L-phenyialanine. The 4- 
btomo- and 4-iodo-D.L-phenylalanines were also trans- 
aminated at rates 2.5-3 times higher than that observed 
with D.L-phenylalanine. Thus, halogen substitution in the 
4-position led to a very significant increase in aminotrans- 
ferase activity. 4-Amino-D,L-phenyhlanine showed the 
highest activity of all the analogues examined, with a rate 
of transamination approaching five times that shown by 
the parent D.L-amino acid. In contrast, dnitro-D.L- 

phenylalanine was completely inactive as a substrate. 
lsozyme I was comparatively much less reactive with 

the ring-substituted phenylalanine compounds. None of 
the fluoro-substituted or the 2chloro-substituted phenyl- 
alanines were transaminated (Table 4). Halogenation in 
the 4-position resulted in good rates of transamination 
(40-75%) but these were always less than that observed 
with D.L-phenylalanine. Only 4-amino-D.L-phenylalanine 

was transaminated at a higher rate (l.6-fold) by isozyme 1 
than that observed with the unsubstituted amino acid. 
Again, 4-nitro-D,L-phenylalanine was inactive. 

H(ith regard to the influence of ring systems larger than 
phenyl- or indolyl- on the activity of bushbean isozymes I 
and II. 2-naphthylalanine was found lo be inactive with 
both isozymes suggesting that there are steric constraints 
limiting the allowable size of the aromatic ring system at 
the active site. 

In studies with animal aminotransferases. Camino- 
phenylalanine was about twice as active as L- 

phenylalanine as a substrate for the tyrosine aminotran- 
sferase from rat liver [9]. but in contrast to the present 
results with a comparable plant aminotransferase (Table 
4), these earlier workers found that 4duorophenylalanine 
was twice as active as L-phenylalanine as a substrate for 
the rat liver enzyme. Miller and Litwack [IO] reported 
that 4chlorophenylalanine was quite poorly transami- 
nated by a purified rat liver tyrosine aminotransferase, 
supporting a rate of activity only about 10% of that 
shown by L-phenylalanine; the 4-chloro- analogue was 
not metabolised at all when supplied to a rat liver cytosolic 
preparation [l 11. 2-Naphthylalanine does not appear to 
have been tested with any animal aminotransferase 
preparation. 
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Tabk 6. Substrate spa&ity of bushban aspartatc-aromatic amiootransfcraae isozymcs I 
and II for a scria of substituted tryptophxn (Trp) anaiogucs 

loozymel Isoqlnc II 

sp. activity !Sp. activity 
substrate (unMng Rchtivc (units/mg Rclrtive 
amino acid protein activity protein activity 

tested+ x 10“) (%H x lo-‘) (%)t 

Parent compound 
L-Trp 9.0 188.0 135.0 209.0 
BTrp 0 0 0 0 
QLTrp 4.8 100.0 64.6 100.0 

Sidechain-substituted 
N-Aatyl-lrTrp 0 0 0 0 
N-Aatyl-qLTrp 0 0 0 0 
N-Chlorouztyl-bTrp 0 0 0 0 
N-Carbobenxoxy-L-Trp 0 0 0 0 
a-Methyl-QL-Trp 0 0 0 0 
Riog-substitutcd 
S-Hydroxy-L-Trp 3.6 40.0 48.5 36.0 
S-Hydroxy-DTrp 0 0 0 0 
5-Hydroxy-q~Trp 1.9 39.6 23.0 35.6 
S-Methyl-QL-Trp 0.5 10.4 12.4 19.0 
5-Bcnzyloxy-@L-Trp 0 0 0 0 

*All substrate amino acids were tested at a final concentration of 20 mM. The kcto acid was 2- 
OG in all casq at a 6naI conceotratioo of 10 mM. 
tThe activity of each compound is expressed as a percentage of the activity of the 
corresponding isomer of the unxubstituted parent compound assayed at an equivalent 
COlMXOtdOO. 
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Thus, the present results with ring-substituted phenyl- 
alanina suggest that the bushbeao aspartate aminotrans- 
ferase isozymes I and II may have slightly different 
binding site properties with respect to each other and also 
with respect to the binding sites in multispecific animal 
aspattate aminotransferases. These differences will be 
considered in the final section of the discussion. 

Ring-substituted tyrosine analogues. With a series of 
tyrosine analogues, none of the ring-substituted com- 
pounds were found to serve as better substrates than the 
parent amino acid when tested with the bushbean iso- 
zymes I and II (Table 5). Roth L-and D.t_-tyrosine were 
readily transaminated by both isozymes. with isozyme II 
showing a level of activity with the L-isomer which was 
50% higher than that observed earlier with L- 
phenylaknine (Table 4). Isozyme II also showed a broader 
range of specificity than isozyme I with the tyrosine 
analogues, which was similar to the trend observed with 
the phenylalanine analogues. The highest activities shown 
by isozymes I and II with the ring-substituted tyrosines 
were found with the t--isomers of 3-iodo- and 3.4 
dihydroxy-tyrosines (Table 5). As expected, the Gsomer 
of 3&dihydroxy-phenylalanine was inactive. While 3- 
iodotyrosine was moderately active with both isozymes, 
the 3,5diiodo-analogue was inactive. 3.5-Dinitrotyrosine 
was also inactive with both isozymes. although small 
levels ofactivity wereobserved with isozyme II in presence 
of the 3-nitro- and 3,5dibromo-analogues. 

In comparable studies with animal aromatic amino- 
transferases, although m-tyrosine was transaminated at 
about 25 y0 of the rate shown by the natural p-tyrosine. the 

ortho analogue gave very low rates of activity when the 
three amino acids were tested as substrates for a mito- 
chondrial enzyme system from rat liver [ 1 I]. A purified 
mitochondrial tyrosine aminotransferase from rat liver 
was able to transaminate 3+dihydroxy-t_-phenyhlanine 
(L-DOPA) at 85% of the rate obtained with L-tyrosine 
[IO], while the corresponding purified cytosohc enzyme 
was only able to transaminate the dihydroxycompound 
at a rate 10% of that shown by L-tyrosine [27]. 3-MO-L- 
tyrosine has also been shown to be a good substrate for 
mammalian tyrosineaminotransferases whereactivitiesof 
100 and 84% of those found with I_-tyrosine have been 
reported using a rat liver cytosolic enzyme [9] and a rat 
liver mitochondrial enzyme [IO]. In contrast, the di- 
substituted analogue, 3,5diiodotyrosine, was found to be 
inactive as a substrate for the rat liver cytosolic tyrosine 
aminotransferase [9], which agrees with the result ob- 
tained in the present study when this compound was 
tested as a substrate for the bushbean isozymes I and II 
(Table 5). However, a halogen-activated tyrosine amino- 
transferase in mitochondria from rat liver which catalysed 
the transamination of 3,5-diiodo-tyrosine, 3-iodotyrosine 
and tyrosine in the ratio 100:77:4 has been found [28]. 
The enzyme was also shown to utihse the thyroid hormone 
thyroxine and to a lesser extent, phenylalanioe and 
tryptophan. In general, however, the ability of the bush- 
bean isozymes I and II to utilize tyrosine analogues is 
similar to that found with corresponding mammalian 
aspartate aminotransferases; L-tyrosioe is still the best 
substrate of the hydroxy-substituted aromatic com- 
pounds examined thus far. 
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Rib-substjtuted tryptophan analogues. The relative 
activities of the substituted tryptophan derivatives with 
the bushbean isozymes I and II are shown in Table 6. Only 
certain ring-substituted analogues were able to serve as 
substrates for both isozymes and all sidechain-substituted 
analogues were completely inactive as reported earlier. 5- 
Hydroxy-L-tr~tophan was t~n~~at~ by both iso- 
zymes at 3540”/, of the rate shown by t_-tryptophan, but 
the corresponding 5-methyl-derivative was only able to 
support 10-20% of the activity shown by the parent 
amino acid. As in the tyrosine series, the highest activity 
was again obtained with the natural amino acid, L- 
tryptophan. 

In previous studies with this class of compounds, 
Jacoby and LaDu [9] were unable to demonstrate any 
aminotransferase activity towards 5-hydroxy-L- 
tryptophan in rat liver cytosolic systems, although earlier 
workers had obtained some evidence for the transami- 
nation of this compound in rat liver tissue [29, 301. An 
aromatic aminotransferase from the micro-organism 
Achromobacter eurydice, which was active with all three 
aromatic amino acids and could also use 5-hydroxy-L- 
tryptophan as a substrate has been described (31].5- 
Methyl-L-tr~tophan showed 39% of the activity of L- 
tryptophan when tested in a rat liver cytosolic system 193, 
which is greater than the activity obtained with this 
substituted amino acid when supplied to the bushbean 
isozymes (Table 6). 

Trends in the struetur~~tjvity re~ut~onshjps of subsrituted 
amino acids with the bushbean isozymes I and fl 

From the activities observed with the bushbean amino- 
transferase isozymes I and II when substituted aromatic 
amino acids were provided as substrates (Tables 4-6), the 
following trends are apparent in the structure-activity 
relationships of these compounds: 

(I) All side chain-substituted compounds are totally 
inactive. (2) Ring substituted phenylalaninesare by far the 
most reactive substrates, whereas substitution in the ring 
of tyrosine or t~ptophan results in lower activity than 
that observed with the parent amino acid. (3) All mono- 
halogen ring-substituted phenylalanines are reactive, with 
the para-halogenated compounds being very active sub- 
strates. (4) Papa-Aminophenyla~nine shows the highest 
activity of all the substituted phenylalanines tested, 
whereas pea-nitrophenylalaniuc is completely inactive. 
(5) Isozyme II exhibits greater breadth of multispecificity 
than isozyme I and shows much greater activity with the 
para-halogen-, para-hydroxy- and para-aminophcnylala- 
nines. (6) Trends 3-5 indicate that both electronic (ring 
resonance and/or induction) and stcric effects play a role 
in establishing the efficiency with which the aromatic 
moiety of the amino acid binds at the active site on 
isozyme II. 

Proposed model for ~tivati~n o~~o~t~c ring biting to 
the ‘distal c~~xy~ate’ site of isozyme Ii by certain ring 
substituents 

If one assumes that the active sites of the bushbean 
aminotransferase isozymes I and II are similar to that of 
multispecific animal aspartate aminotransferases (as dis- 
cussed above), then the binding of the substrate amino 
acid must compensate two positive charges on the PLP- 
enzyme; one (e.g. Arg 386).forms an ion pair with the a- 

carboxylate group, while the other (e.g. Arg 292. of 
subunit 2) binds the distal carboxylate group of aspartate 
or glutamate or the aromatic ring of phenylalanine, 
tyrosine or tryptophan. 

The present study shows that Pam-amino, para- 
hydroxy or pura-halogen substitution in the phenyla- 
lanine ring leads to enhanced substrate activity over that 
shown by the unsubstituted parent amino acid, while 
pura-nitro substitution exerts the opposite effect. The 
contribution of the nature and position of the ring 
substituent to electronic effects during aromatic substrate 
binding can be readily envisioned if one considers that the 
effect of compensating the positive charge at Arg 292+ by 
ion pairing may be analogous to an ckctrophilic aromatic 
substitution reaction; that is, the ekctrophilic arginine 
292’ residue ‘adds to’ the electron rich aromatic ring of the 
substrate amino acid. As outlined in ref. [32] substituents 
found on aromatic rings can be classified as strong and 
weak activators or deactivators of electrophilic aromatic 
substitution (Table ‘7). If a group takes on a negative 
charge by induction, the group is said to possess a -I 
effect; if a group takes on a positive charge by induction, it 
is said to possess a + 1 effect. in a similar manner, if the 
group takes on a negative charge by resonance, it 
possesses a - R effect, whik if it takes on a positive charge 
by resonance, it is said to possess a + R effect. A + I or + R 
effect tends to make the substituent positive and the ring 
negative, and a - 1 or -R effect tends to put a negative 
charge on the substituent and a positive charge in the ring 
~321. 

These same substitucnt groups can also be classified 
according to their positional directing effects on ekc- 
trophilic aromatic substitution [32]. A puruamino group 
or para-hydroxyl group substituted in phenylalanine is a 
powerful activator for ortho, pea-su~titution (Table 8). 
The pora position of the phenyl ring in such mono- 
substituted analogues. however, isalready occupied by the 
alkyl amino acid sidechain, which is a comparatively weak 
or&, para directing activator of electrophilic aromatic 
substitution. Therefore, the strong activating -NH1 and 
-OH groups dominate and become powerful ortho direc- 
tors. In contrast, the paru-nitro group substituted in 
phcnylalanine isa powerful deactivator and metadirector. 
The halogens are unusual in their effects on ekctrophilic 
aromatic substitution; they are weakly deactivating yet 
or&o, ~adir~ting. While a para-halogen atom must 
compete with the weakly activating or&o, puradirecting 
effect of the alanine sidechain. steric considerations 

Table 7. Classification of ring suhstituent groups according to 
their rcsonancz (R) and induction (I) effects on ekctrophilic 

aromatic substitution (modified from ref. [32]) 

Activating groups Dwctivating groups 

Strong 
-NHz, -NHR, -NRr, -NO* (-R, -1) 
-OH, -0- (+R) -NR; f-1) 

Intermediate 
-OR, -NHCOR (+ R, -I) -C=N, CHO, <OR 

-COOH (-R, -1) 
Weak 

-Ph (+ R) -F, 4, -Br. -I (+ R, -I) 
-Alkyl (+R,+I) 
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Table 8. Ciauifkation of ring subatituent groups mrding 10 
their positional directing effects on ekctrophilic aromatic subeti- 

tution (modilicd from ref. [32]) 

Or&. Par0 DiraXors Mera Directors 

strong 
-NHI, -NHR. -NRI, 
-OH. -O- 
Intermediate 
-OR, -NHCOCH, 
Weak 
-R, -Ph. -F, 
Cl, -Br, -I 

-NOZ, -NH, l , -NR, + 

C=N. -SOJH 

CHO. COR, 
COOR. COOH 

@NH ‘NH 

p-Amino Phe 
@--‘(-) 

p- Hydroxy Phe 

0 
OH 

Ii 

p- Chloro Phe 

-0 \yj,o- 

p-Nitro Phe ;G-_ Q 

Fig. 1. Favourcd canonical resonance forms of certain pura- 
substituted phcnylalanines for ion pairing with an ekctrophile. 
Probable sites of attack by an ekctrophik (e.g. Arg 292.) are 

indkatal by the large arrows. 

R = -CHz- C-COO- 

Fig. 2. (a). Sug@ed spatil orientation of L-aspartatc required 
for entry into the substrate binding site of the PLPenzymc 
compkL (b) This orientation allows L-aspartate lo lit the binding 
site dimmxions as proposal in ref. [U]. in which the a-and distal 

NH; carboxylate groups are separated by 6.2 A. 

suggest an easier approach for the Arg 292. clectrophile lo 
a position o&o- to the halogen, than lo one orrho- lo the 
large alkyl sidechain. 

The common property linking the halogenated, amin- 
ated and hydroxylated phenylalanines, which show high 
activity with isozyme II, is that all of the substituents are 
‘+ R’. that is, they take on a positive charge by resonance 
(Table 7) and are also all orrho, pare directing (Table 8). 
This suggests that thecanonical resonance forms shown in 
Fig. 1 will favour ortho attack by the clectrophilc (e.g. Arg 
292*). Thus, ion pairing between the positive enzyme 
residue and the aromatic ring will be strongest when the 
ring position, orlho lo the substituent, is able to ‘line up’ 
with the positive charge at Arg 292* on the enzyme. 

A spatial model for the active site of chicken heart 
aspartate aminotransferase [33] suggested that both 
aspartate and glutamate adjust conformationally to fit a 
site 6.2 A wide, with the a- and distal carboxylate groups 
in a cisoid conformation. Figures 2(a) and (b) show the 
conformation in which aspartate is thought to bind at the 
active site. Assuming that the aromatic rings of phenyla- 
lanine and tyrosine must somehow adjust to this same 
binding site for enzyme activity, we have constructed 
models of Lphenylalanine and Lrtryosine with various 
ring substituents. It appears from the models of phenyl- 
alanine and tyrosine that only when the ortho, para 
directing ‘+ R’ groups are in the Cposition on the ring, 
can both of these conditions be fulfilled, giving a molecule 
whose a- and resonance-induced distal negative charges 
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Fig. 3. (a). Suggested spatial orientation of L4 
cbloropbenylalaninc required for entry into the substrate binding 
site of the PLP-enxymc complex. (b) This orientation would 
allow L4chlorophcnylalanine to fit the binding site dimensions 
proposed in ref. [333. in which the a- and resonance-induced ring 

charges are separated by 6.2 A. 

are 6.2 A apart and cisoid in terms of approach to the 
binding site. Figures 3(a) and (b) demonstrate how 4- 
chlorophenylalanine, with its resonance-induced cisoid 
negative charges, is able to accommodate these binding 
site restrictions. 

When steric hindrana to free rotation and to the 
approach of the substrate to the active site were consid- 
ered, we utilized an enlargement of a spatial model [24] 
for the Michaelis complex of the PLPcnzyme with 
aspartate (closed conformation) to try to ‘fit’ the various 
models to the active site. For example, Fig. 4 shows the 
interaction between the cisoid eclipsed conformation of 
aspartate and Arg 292*. Activating substituents in the 
orrho- or meto- position on the phenylalanine ring resulted 
in steric hindrance either to the approach of the substrate 
to the PLP-site or hindrance to a cisoid approach of the a- 
and distal negative charges to Arg 386 and Arg 292*, and 
so were even less reactive than the unsubstituted parent 
compound. With para-substituents, however, this did not 
appear to be the case. In fact, as compared to an 
unsubstituted ring system, paro-substitution resulted in 
an enhanced ability to form an ion pair with Arg 292’ due 
to its o&o-directing effects, as shown in Fig. 5 for 4- 
chlorophenylalanine. Models of Chydroxy- and Camino- 
phenylaknine were able to interact with the binding site in 
a similar manner. A model of 4-nitrophenylalanine, on the 
other hand, was unable to fit into the binding site because 
of steric hindrance and repulsion due to its resonance- 
induced orrho positive charges. 

Di-substitution ofthearomatic ringalways resulted in a 
decrease in reactivity of the amino acid substrate as 
compared to the parent phenylalanine or tyrosine (Tables 
4 and 5). This presumably is due to an increase in steric 
hindrance at the binding site, complicated by a less 
favourable distribution of ‘directing effects’ for ion pair 
formation. 

Fig. 4. Molecular model of t_-aspartatc shown interacting with the Arg 292. residue at the substrate binding site of 
aspartate aminotransferase. The substrate and the arginine residue have been supcrimposcd on an enlargement of 
the spatial model for the Michaelis complex of the PLP@nxyme with aspartate (closed conformation) 1241. Ion 

pairing is indicated by the dashed lines. 
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In the present model, the binding of unsubstituted 
tryptophan a1 the active site would involve the indolyl ring 
at the C-7 position. Substitution of the molecule a1 the 5- 
position with any substituent would pose a considerable 
degree of stcric hindrance. If the substituent is another 
strong ortho. para activator, such as a hydroxyl group, it 
would have a directing effect toward electrophilic attack 
a1 the C-6, C-7 carbons, thereby leading to a conflict 
between strong positional directing effects. In concert 
with stcric hindrance, the predictable result would be a 
decrease in activity compared to that of the unsubstituted 
parent amino acid. Aromatic rings larger than the indolyl 
group are clearly sterically unfavourable in a similar way 
and the inactivity of 2-naphthylalanine with both bush- 
bean isozymes supports this conclusion. 

As might be expected, there are reservations lo the 
present model. First, it assumes that the active site of 
multispecific aspartate aminotransferases in plants has 
two positivelycharged, ion-pair-forming residues which 
are analogous lo the Arg 386 and Arg 292’ known to form 
part of the active site of mammalian and bacterial 
aminotransaminases [26]. Whether this is, in fact, thecase 
must await detailed studies with a crystalline plant 
aspartate aminotransferase comparable lo those per- 
formed over the last decade with crystalline animal 
aspartate aminotransaminases (see [34]). The model also 
assumes that a para-substituent does not hinder the 
approach of the aromatic ring to the ‘distal’ positive 
binding site on isozyme II. Kirch et al. [24] have proposed 
that during the aldimine to ketimine transition of the 
aminotransferase reaction, the hydrogen bond between 
the distalcarboxylate and the Arg 292. residue can remain 
intact due to the high degree of flexibility of the arginine 
sidechain. Indeed, as shown in Fig. 5, such flexibility may 
in fact accommodate substrates by forming a pocket into 
which sterically-favourable substituents can fit. This may 
be a limiting factor for some enzymes but not for others. 

For example, bushbean isozyme I does not exhibit the 
same high activities with the para-halogenated phenylala- 
nines as that shown by bushbean isozyme II. This may 
indicate that in isozyme I there are steric constraints 
imposed by the topography of the active site which could 
prevent an enhanced binding of Qchlorophenylalanine 
over that experienced by unsubstituted Lphenylalanine. 

In summary, interesting trends in electronic and steric 
influences on the reactivity of ring-substituted aromatic 
amino acids with the active site of aspartate-aromatic 
aminotransferases are evident from the present examin- 
ation of the substrate multispecificity of these enzymes 
purified from plant. animal and bacterial sources. It is 
hoped that future investigations in this area will further 
improve our understanding of the mechanism by which 
the active site of this multispecific enzyme can accom- 
modate such structurally different substrates as aspartate, 
glutamate and the aromatic amino acids. 

EXPERIMENTAL 

Planr martrial. The shoots of IOday-old light-grown seedlings 
of bushbcan (Phaseolus oulgaris L. var Pencil Pod Black Wax) 
were used as the plant material for preparation of the purified 
enzyme fractions. !keds were soaked in distilled water at room 
temp. overnight, sown in moist vermiculite, germinated in a 
growth cabinet at 25/22” day/night temperatures and exposed to 
a 16 hr daily photoperiod of 4600-4800pW~cm’. Time of plant- 
ing was taken as day 0. Mlings were harvested at the IO-day 
stage and epicotyl tissue collected for enzyme extraction. 

Chemicals and chromatography supplies. All chemicals usai in 
this ittvesti~tion were of analytical grade. Most of the sub- 
stituted aromatic amino acid substrates were putcbaaed from 
Nutritional Biochemicak Corporation with the following cxcq- 
tions, which were all obtained from the Siemp Chemial 
Corporation: qL3-tluorophenylalanine, Nutrbobcnxoxy-L- 
phenylalanittc, ~L4iodophcnyklanine, N-acetyl-L- 

Fig. 5. Mokdar model showing proposed interaction between L4chlorophettylalaninc and the Arg 292. raidue 
at the substrate binding site ofaspartatc aminotransfcrar. The 4-chlorophenylalaaine and the argininc residue have 
&n superimposed on an enlargement of the spatial model for the Michaelis compkx of the PLPtnzymc with 

aspartatc (closed conformation) [24]. Ion pairing is indicated by the dashed lines. 
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phenylaianine, N~hioroaatyl-L-pheoylalanioc, r-tryptophan. 
btryptophan. a-methyl-o.L-tryptophan, N-carbobenzoxy-L- 
tryptophan, N-acetyl-L-tyrosinc, L-3-nitrotyrosim, L-3. 
iodotyrosioe, L-3-aminotyrosine, a-methyl-at&tyrosine, N- 
chlotoaatyl+tyrosine. Narbobettxoxy-t_-tyrosioe, L- and D 
3,~hydrox~~y~nc and a-methy&L3,4- 
~~y~oxyp~ny~~~~e. The purity of each aromatic amino acid 
was checked by chro~to~phy on large sheets (46 x 57 cm) of 
bats No. I paper. Chro~t~~ were developed in the 
descending manner for 12 hr in ~-BuOH-HOAc-H~O(~ 10:29X 
and the amino acids visuaiixad with a modified 
Cd(OAc)z-ninhydrio calorimetric teagent using the method of 
ref. 135). lo most cases, only a sit& ninhydrin-positive spot was 
observed on the chromatogram. Tltose compounds which con- 
tained trace impuritka were purified by recrystallization from 
10% MeOH. 

Sephadex G-25 (fine), Sephacryl S-300 and DEAE-Sephaccl 
were pu&ascd from Pharmacia, white Biogel HTP (hydroxyla- 
patite) was purchased from Bio-Rad Laboratories. 

F~r~c~~n o-f cytosolic ~~t~t~-~o~t~ ~.~tr~s~er~~ 
isozymes f und Ii. 65 g of shoot material were rinsed in ice-cold 
distitkd H20, chopped into fine pieces and then ground with a 
pcstk and mortar for 3-5 min in 200 ml of an &-cold grinding 
medium modified from ref. [36], containing 4#mM smose, 
5OmM Tris-HQ pH 7.5, 1 mM MgC&, 10mMKCi, lOmM 
EDTA, 2 mM DIT, 8 mM 2-OG, 40 mM 2-mercaptoethanol 
and 5 % glyozrol. After filtering through 8 layers of cheesecloth, 
the homogenate was centrifuged at 2000 g for 10 min to sediment 
chiotoplasts and cell debris. 7-h~ supcrnatant was centrifuged at 
15 000 g for 10 min, the pellet fraction containing ~t~hond~a 
was discarded and the supematant was then centrifuged a final 
time at 100000 @ for 120 min to p&et the mkrosomal fraction. 
From the resulting supematant enriched in cytosolic com- 
ponentr, two isozymes of aspartatc-aromatic ~ootr~sfc~ 
were resolved and purifiat by a procedure involving a 4@-70% 
(NH&SO, protein fractiouation step followed by pi filtration 
of this fraction on Sephacryl S-MO and ion exchange chtomato- 
gtaphy on DEAE-Sephacel at pH 6.8. The latter step resolved the 
t--phcoykhoioe aminottansferase activity into two isozymic 
fractions and each enzyme was further purified by hydrophobic 
chto~to~phy on hydroxylapatite. isozyme 11 was then sub- 
jected to a Sinai ion exchange purification on DEAE-Sephacel at 
pH 8.10. Details of this putitition ptotocoi and of the gel 
ekcttophoretic procedure for examining the purity of the final 
isozyme preparations, have been reported previously 171. 

Protein dererminutions. During enzyme purification. the pro- 
tein in column eluate fractions was monitored by At so f37). Total 
protein present at each purification stageand in the final isozyme 
I and II preparations was measured by the method of ref. [38). 

Assay o/ aminotra&wse activity. L-Phenylalauine 
arninotransferase activity was monitored during each purili- 
cation step by measuring the production of phenylpyruvate at 
318 nm. according to the method of ref. [39], as previously 
described [73. 

A~notransfe~ activity with the purified isozyme I and 11 
preparations was measured by dct~~g the amouut of 
product amino acid produced in each reaction system after a 
1-3 hr incubation period. The method of u-pbt~ehyde 
(OPA) derivatization followed by HPLC was used to isolate and 
quantify the OPA-amino acid derivative as previously described 
[7]. A typical 0.75 ml reaction system contained the following 
components dissolved in SOmM Tris-HCI buffer, pH 8.5: 
20-4OmM amino acid substrate, 10 mM ketoacid, 0.1 mm PLP 
and 100 pf of isoxyme I (co 6 pg protein) or isozymc I1 (ca is&g 
protein). Due to solubility di&zultica, each of the substituted 
aromatic amino acid substrates was prepa& in SOmM 
Tris-HC1, pH 8.5 ~n~ning 12.5 % DMSO. Final concentration 

of DMSO in the assay reaction mixtures was always 10 y0 and for 
comparative purposea, quivaknt compktc r&ion mixturea 
containing the uosubstituted L- or ql.-aromatic amino acid plus 
DHSO were run simultaneously. The prcsena of DMSO was 
found to have no dekterious effect on t.- or ~~pheoylalaninc 
aminotransferasc activity. Coatrol reactions contained all of the 
above components except the amino acid substrate which was 
replaced by an equal vol. of Ttis buffer. All reaction and control 
systems were incubated For 1 hr (L-amino acid substrate speci- 
ficity studies) ot for 3 ht @tbstituted aromatic amino acid 
substrate spccilkity studies) at 35” aad each reaction was stopped 
by the addition of 100 ~1 of 30 % sutphonyl saiicyric acid sobt. The 
precipitated protein was p&ted by centrifugatioo and the 
primary reaction p&u& glutamate, present in the supematant 
was separated and measured by OPA-HPLC [7]. 
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