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Abstract-Two electrophorctically distinct isozymes of L-phenylalanine aminotransferase (Enz I, Enz II) purified from 
a total soluble shoot extract of bushbean have been characterized. The M,s of Enz I and Enz II were 100000 and 
110000, respectively. Both isozymes showed pH optima of 8.5. Enz I was able to use either 2-oxoglutarate (2-OG) or 
oxaloacetate (OAA) equally as a keto acid substrate when t_.-phcnylalaainc was the amino donor, while Enz II preferred 
2-OG. Neither isozyme was able to use glyoxylatc or pyruvate in the presence of t_-phenylalanine. When tested with a 
range of protein amino acids, both Enz I and Enz II showed the highest rate of transamination with t_-aspartate. 
indicating that both isozymes were t-aspartate aminotransferases capable of also showing L-aromatic aminotransferase 
activity. L-Phenylalanine aminotransferase activity relative to t_-aspartate aminotransferase activity was found to be 
0.6 % for Enz I and 3.3 % for Enz II. Lineweaver-Burk plots of kinetic data gave apparent K, values (mM) for Enz I of 
2.3 (~-Asp), 55.0 (L-Phe) and 9.0 (2-OG) and for Enz II, 2.8 (~-Asp), 320.0 (L-Phe) and 8.2 (2-OG). The values were 
confumed by treatment of the data by Hill plots. When tested with a series of 12 ring-substituted DL-chloro- 
phenylalanines, Enz I was active only with the 3chloro- and 4chlorocompounds, while Enz II was active with all three 
monochlorocompounds as well as with the 2,4-. 2.6- and 3,4dichlorophenylaIanines. The activity of Enz II with 6 
chlorophenylalanine was very high, 222% higher than that observed with DL-phenylalanine. Enz I was completely 
inhibited by 1.0 mM Caz + while Enz II was unaITected by thiscation. which suggested different subcellular locations for 
each isozyme. Cell fractionation studies indicated, however, that both Enz I and Enz II were cytoplasmic. DitTerent 
isozymes of this multispecific aspartatcaromatic aminotransferase were found in the chloroplasts and mitochondria of 
bushbean shoots. 

INTRODUCTION 

During studies of the metabolic pathways leading from L- 
phenylalanine to the natural auxin, phenylaatic acid 
(PAA) [l-4], we became interested in the possibility that 
synthetic ring-substituted chlorophenylalanines [S] might 
serve as metabolic precursors for the corresponding 
chlorophenylacetic acids [6]. Many of the latter com- 
pounds are known to be potent plant growth regulators 
and certain acids have been shown to be powerful 
herbicides [7, 81. 

In the first paper of this series we reported that the 
initial metabolism of chloro-phenylalaniues in bushbean 
(P/t(~~oIus vulgaris L.) shoot extracts occurs via the 
activity of an aminotransferase rather than a decarbo- 

l Parf 2 in the series: Metabolism of chlorophenylalanina by 

multispecific aspartatc-aromatic aminotransfemscs in crop and 

weed plants. This series is dalicatal lo the memory of a former 

colleague, Budhi Singh Rauthan, who first demonstratd in 1972 

the in uioo conversion of L-phcnylalaninc to phcnylacetic acid in 

higher plants. Mr. Rauthaa was killed in the crash of the Air India 

being 747 into the Atlantic Ocean, 23 June 1985. 

+Aulhor lo whom reprint requests should bc addressed. 

xylase [6],and suggested that this transamination reaction 
is likely lo be the first step in a metabolic pathway leading 
to chlorophenylacetic acids. The enzyme potentially cap- 
able of catalysing this first reaction, L-phenylalanine 
aminotransferase, was therefore purified from IO-day old 
bushbean shoots and resolved into two electrophoretically 
distinct isozymes, Enzymes I and II (Enz I, Enz II), which 
were found to be capable of transaminating three 
monochloro-phenylalanines [6]. The present paper de- 
scribes the detailed characterization of the L- 
phenylalanine aminotransferase isozymes I and II and an 
investigation of their s&cellular location in bushbean 
shoots. 

RESULTS AND DISCUSSION 

The two isozymic forms of L-phenylalanine amino- 
transferase (Enz I and Enz II) purified from a total soluble 
extract of bushbean shoots by methods previously de- 
scribed [a]. were characterized with respect to their M,_s, 
substrate specificities (particularly to a series of synthetic 
DLchlorophenylalanine), their subcellular localization 
and a range of other physico-chemical properties. 
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The M,s of Enz I and Enz II were estimated by gel 
filtration [9] on a Sephacryl S3OOcolumn calibrated with 
marker proteins as described in the Experimental. There 
was a good linear correlation between the log of the M, of 
the marker proteinsand their VJV,values. Assuming that 
L-phenylalanine aminotransferases I and II behave as 
globular proteins, their estimated MS are 100000 and 
110000, respectively. These values are similar to those 
previously reported for aminotransferases from several 
plant sources [IO-131. Although Enz I and II were not 
resolved into their component subunits, plant aminotran- 
sferases in this M, range have generally been found to be 
composed of two subunits, each half the M r of the dimer 
(co 50000 each) [IC161. 

Table I. L-Amino acid substrate specificity of the L- 

phenylalaninc aminotransferase isozymes I and II purified 

from bushbean shoots 

pH and temperature optima 

The pH optima for Enz I and II were determined by 
examining phenylalanine aminotransferase activity at pH 
values ranging from 6.0 to 9.5, using a series of buffers to 
ensure that maximum buffering capacity was available at 
each pH tested (MES, pH 6-6.5; MOPS, 7-7.5; Tris, 8-8.5; 
CHES. 9-9.5). When assayed in the presence of 40 mM L- 

phenylalanine. IO mM 2-oxoglutarate (2-OG) and 
0.1 mM pyridoxal phosphate (PLP), the pH optimum for 
Enz I activity was found to be 8.5-9.0 while Enz II activity 
was optimal at pH 8.5. When the pH optima were 
examined in constant ionic strength Tris buffer (50 mM) 
over the same pH range, identical optima were observed. 
The pH optimum reported for a multispecific aromatic 
aminotransferase purified from bushbean roots was also 
8.5 [ 133 and ranges of pH 8.0-8.9 are common for the 
optimal activity of plant aminotransferases [IrJ. 

lsozyme 1 lsozymc II 

L-Amino acid 

tested* % Rclativet % Relative+ 

Asp 100.0 100.0 

Glu 87.5 81.0 

Ala 0 0 

Val 0 0 

LCU 0 0 

Ile 0 0 

ProI 0 0 

Phc 0.60 (loo) 3.3 (100) 

Try 0.13 (25) 5.1 (146) 

Tyr 0.27 (55) 0.6 (17) 
Met 0 0 

Cys§ 0 0 

ClY 0 0 

Ser 0 0 

Thr 0 0 

Asn§ 0 0 

Gln§ 0 0 

LYS 0 0 

Arg 0 0 

His 0 0 

The assay temperature for optimum activity of Enz I 
and II in the presence of 40 mM t_-phenylalanine. 10 mM 
2-GG and 0.1 mM PLP, was found to be 35”. Enzyme 
activity fell rather sharply on either side of this value. 
Aminotransferase activity was linear with time up to at 
least 2 hr under our assay conditions. Within the limits of 
enzymeconcentration tested (2-20 pgof EnzI or EnzII),a 
linear relationship was observed between activity and 
amount of enzyme. 

*All L-amino acids were supplied at 20 mM final concen- 

tration. 2-OG was supplied as the kcto acid at IO mM final 

concentration, except in the case of ghttamic acid when OAA 

was the keto acid supplied at 10mM final concentration. 

Amino acid products were measured by OPA-HPLC [a]. 

+Percentagc activity is expressed relative to aspartate 

aminotransferase activity set at 100% (4p/mg protein). 

One unit IJ) of aminotransferase activity will convert I pm01 

of 0x0 acid substrate to I pmol of the corresponding amino 

acid. Values in parenthesis are percentage activity expressed 
relative to phenylalanine aminotransferase activity set at 
100 y0 (0.02 p/mg protein). 

Substrate specificity 

The keto acid substrate specificity of Enz I and II was 
determined by using 40 mM t_.-phenylalanine and 10 mM 
keto acid substrate. Of the four common keto acids 
utilized by plant aminotransferases, 2-oxogIutarate (2- 
GG) and oxaloacetate (OAA) were able to serve as amino 
group acceptors, but not glyoxylate or pyruvate. While 
Enz 1 could utilize 2-GG or OAA about equally when L- 

phenylalanine was the amino donor (2-OG, 47.6 x IO- ’ 
units/mg protein; OAA, 48.8 x IO-’ unitslmg protein), 
Enz II clearly preferred 2-OG under these conditions (2- 
OG. 133 x IO- ’ units/mg protein; OAA, 85.2 x IO- ’ 
units/mg protein). Since we were mainly concerned with 
phenylalanine and chlorophenylalanine transamination, 
2-OG was chosen as the keto acid substrate for routine 
aminotransferase assays. 

$Aminotransferase activity was measured by paper chro- 
matography, as described in Ref. [6 J. 

$Due to contamination with aspartic acid or glutamic acid, 

these amino acids were first purified by ion-exchange 

chromatography using Dowex I (Cl) resin at pH 7.0, before 

being tested as substrates. 

aromatic amino acids, t_-phenylalanine, L-tyrosine. and L- 

tryptophan. When oxaloacetate (OAA) was supplied as 
the keto acid, the isozymes were able to use t_-glutamate as 
an amino donor almost as effectively as t-aspartate (Table 
1). It should be noted that commercial sources of L- 

cysteine and L-asparagine were found to be contaminated 
with I-27! aspartate while tglutamine was similarly 
contaminated with glutamate. These substrate amino 
acids were therefore purified before testing by ion ex- 
change chromatography on Dowex 1 (Cl) resin at pH 7.0, 
as described in ref. [18]. After purification they were 
found to be inactive as substrates when tested with Enz I 
and II. 

The substrate specificities of Enz 1 and 11 for a range of PAGE of Enz 1 and Enz II preparations gave similar 
protein L-amino acids were next examined, with 2-OG protein banding patterns to those reported in the previous 
supplied as the keto acid (Table I). These results show that paper of this series [6]. When identical gels were sliced and 
both isozymes were primarily t_-aspartate aminotransfer- assayed for both L-phenylalanine and L-aspartate amino- 
ases and had relatively low activities (O.I-5.0%) with the transferase activities, only the major protein band in each 
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isozyme preparation (at R, 0.60 in Enz I fraction, and at 
R, 0.70 in Enz II fraction) was shown to exhibit amino- 
transferase activity with both L-aspartate and L- 

phenylalanine. when 2-W was supplied as the amino 
group acceptor. This confirms that only one protein hand 
in each isozyme preparation was responsible for both the 
t,-aspartate aminotransferase and t_-phenylalanine amino- 
transferase activities. 

The results of the gel electrophoresis study indicate that 
Enz I and II from bushbean shoots were both multispe- 
cific L-aspartate+aromatic aminotransferases, a finding 
similar to that reported in refs [ 12, 131 for a multispecific 
t.-aspartate aminotransferase purified from bushbean 
roots and subsequently shown to be present in animals 
[ 193 and bacteria 1203. However, Enz I and II displayed 
distinct differences in their specificities for the three 
aromatic amino acids, as shown in Table I, part B, where 
the results indicate that Enz I favoured t-phenylalanine as 
a substrate over i/tyrosine or t.-tryptophan, while Enz 11 
showed higher activities with L-tryptophan and L-tyrosine 
than with L-phenylalanine. These differences in substrate 
specificity between Enz I and Enz II with respect to L- 
phenylalanine and t-tryptophan may indicate a preferred 
role for each isozyme in the formation of the natural 
growth regulators, phenylacetic acid (PAA) and 3-in- 
doleacetic acid (IAA), which are formed respectively, from 
t.-phenylalanine and t.-tryptophan via the arylpyruvate 
pathway for auxin synthesis in higher plants [l-4]. 

The substrate specificities of Ettz 1 and II were next 
examined with the series of ring-substituted mono-, di- 
and trichlorophenylalanin~. The results (Table 2) show 
that of the 12 chlor~pheny~lanin~ tested, only the 3- 
chloro- and ~hloro~m~unds were active substrates 
for Enz I. Enz II showed a broader range of specificity, 
with six compounds being transaminated. All three mono- 

chlorophenylalanines and the 2,4-, 26 and 3,4dichloro- 
compounds were active substrates with Enz II. These 
results obtained with the purified preparations of iso- 
zymes 1 and II contrast with previous data obtained with a 
Scphacryl S-300 purified extract of t-phenylalanine 
aminotransferase from bushbean shoots, which showed 
that I I of the 12 chloro-phenylalanines tested could be 
transaminated [6]. A possible explanation for this dif- 
ference in the range of chlorophenylalanine transami- 
nation is that in the relatively impure S300 enzyme 
fraction, there may have been ocher aminotransferases 
which utilized some of the chlorophenylalanines as 
substrates. 

An interesting finding in the present study (Table 2) was 
the relatively rapid rate of transamination obtained with 4- 
chlorophenylalanine when tested with Enz II. The other 
active substrates substituted at the rtposition (i.e. the 2.4- 
and 3$-dichlorophenylalanines) did not show such high 
relative activity. This finding may indicate an important 
role for chloro-substitution at the rlposition in enzyme- 
substrate binding and this possibility will be examined in 
greater detail in the next paper of this series dealing with 
substrate structure/activity relationships of Enz I and II. 

Kinetic studies 

Kinetic studies were performed on the L-aspartate-2- 
OG and t_-phenylalanine-2-OG aminotransferase reac- 
tions of Enz I and II, examining the effect of varying amino 
acid or keto acid substrate concentrations on reaction 
rates. The concentration of one substrate was varied in the 
presence of a fixed saturating con~nt~tion of the other 
substrate, at pH 8.5. Tbe values for the apparent kinetic 
constants, K, and V_ (Table 3) were obtained from 
Lineweaver-Burk plots derived from the initial velocity 

Table 2. Substrate specificity of the bushbean multispecific aspartate-aromatic aminotransferase isozymcs I and II for DL- 

phenylalanine and several ring-substituted m.chlorophenylalanines 

isozyme I$ lsozyme ll!j 

Amino acid 
substrate* 

ot.-Phe 
L-Phe 
2-Cl-Phe 
3-Cl-Phe 
4-Cl-Phe 

Cont. 
tested 

(mM) 

32 
32 
32 
32 
32 

spccitic 
activity 

(U l/mg protein) 
X IO” 

13.8 
34.8 
0 
4.0 

12.2 

% Relative Amino acid 
activityt substrate* 

IO0 ot.-Phe 
250 t_-Phe 

0 2.Cl-Phe 
35 3-Cl-Phe 
88 4-Cl-Phc 

D.t.-Phe 
t.-Phe 
2.4~Cl,-Phe 
2,&C&Phe 
3,4-Cl,-Phe 

Cont. 
tested 

(mW 

32 
32 
32 
32 
32 
16 
I6 
16 
16 
16 

Specific 
activity 

(U q/mg protein) 
x 10-j 

54.0 
125.0 

6.6 
23.4 

120.0 
28.2 
35.8 
22.2 
22.2 

5.4 

% Relative 
activity+ 

100 
232 

I2 
43 

222 
100 
200 
79 
79 
20 

*2-Oxo-glutarate (IO mM) was the keto acid supplied in all cases. 
tAetivity with DL-Phenylslanine was set as 100% since all the chlorophenylalanines were in the DL-foonn. 

$No aminotransferase activity was obtained with lsozymc I when supplied with any of the six dichlorophenylalanina or the thrre 
trichlorophenylalanines tested as amino donors in this study. 

§Noaminotransferaseactivity wasobtained with Isozyme II when tested with 2,3-, 2.5- or 3,5dichlorophenylalanina,or withany of 
the three trichlorophenyialanines. 

lone unit (U) of aminotransferase activity is defined as in Table 1. 
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data for each pseudo-first order reaction [21,22]. 
The apparent K, values for L-aspartate calculated for 

Enz 1 (2.29 mM) and Enz II (2.81 mM) are in the same 
concentration range as those reported for L-aspartate and 
other substrates of plant aminotransferases (e.g. L- 
aspartate, 4.14 mM [23]; L-aspartate, 7.25 mM [24]; L- 
alanine, 2.5 mM [lo]; L-serine, 2.72 mM [ZS]; L- 
ornithine, 4.7 mM [26]. The K, values for t-OG could 
only be determined at saturatmg ~n~ntmtions of L- 
aspartate, since solubility limits precluded measurements 
at saturating concentrations of L-phenylalanine (see dis- 
cussion below). The K, values for 2-OG were 1.65 m M for 
Enz 1 and 3.9 mM for Enz II. In the case of Enz II, the K, 
value for the keto acid was higher than that calculated for 
L-aspartate. However, while the K, value for the keto acid 
substrate is usually lower than the K, for the amino acid 
substrate, there are exceptions to this generalization [27] 
(e.g. [26, 281). 

With L-phenylalaoine, estimated apparent K, values 
for Enz I (55 mM) and Enz II (320 mM) were quite high, 
although *true’ K, values of 57-68 mM have been rep- 
orted for the aromatic amino acids with a multispecific 
aminotraosferase purified from bushbean roots [29]. 
Generally, the concentrations of substrate chosen to 
generate the reciprocal plot should IK in the neighbour- 
hood of the K,. Due to the relatively poor solubility of L- 
phenylalanine, (limit ca 80 mM final cont. under assay 
conditions) this was clearly not possible with Enz II and 
only marginally feasible with Enz I. If the substrate 
concentrations chosen are very low relative to K,, the 
Lineweaver-Burk plot will intercept bothaxes too close to 
the origin to allow V_ or K, to be determined accurately. 
At very low substrate concentrations, the reaction is 
essentially first-order and there is no hint of saturation; 
V, and K, appear to be infinite [30]. 

These limitations and the high K, for L-phenylalanine 
shown by Enz II, prompted a reexamination of the kinetic 
data using logarithmic Hill plots [30]. The values for nH, 
the Hill coefficient, were all very close to unity, suggesting 
that there was no co-operativity and only one substrate 
binding site per subunit; two equivalent binding sites per 
dimer of enzyme. In addition, the [S]0,5 values were in the 
same range as the corresponding apparent K, values 
determined from Lineweaver-Burk plots (see Table 3). 

Thus, it appears that the ex~rimen~lly derived kinetic 
constants with respect to Enz I and II are reasonable and 
that Michaelis-Menten kinetics do hold for these determi- 

nations. Nevertheless, the high K, values for L- 
phenylalanine shown by Enz I and especially Enz 11, 
indicate that if theseconstantsdo indeed reflect true in oioo 
enzyme characteristics, then neither aminotransferase will 
ever encounter saturating substrate concentrations in the 
intact plant and thus neither will ever reach I&. 
However, since these multispecific aminotransferases may 
take part in the catabolic pathway leading from L- 
phenylalanine to the growth-regu~tor, PAA [l-4] a 
pathway which produces only nanomolar amounts of this 
growth regulator in the lifetime of a normal plant [32,33 3, 
the operation of Enz I or Enz II at maximum activity is 
probably not necessary and may, in fact, represent a rather 
coarse control mechanism for regulating the eventual 
amount of PAA produced, while still allowing a rapid 
turnover of L-aspartate by the same enzyme. Alternatively, 
the high apparent F,_ values for L-phenylalanine shown 
by Enz I and especially Enz II, may rellect a degree of 
aggregation of L-phenylalanine molecules in solution at 
high concentrations due to their limited solubility in 
aqueous media. In this case, the enzyme may be ‘seeing’ a 
much lower concentration of free L-pheny~~nine than 
that predicted from the volume of phenylalanine stock 
solution added to the reaction mixture. indeed, such 
aggregate effects have been observed during NMR spect- 
roscopy of DL-phenylalanine and the DLchloro- 
phenylalanines when carried out in D,SO, solvent. This 
effect resulted in somewhat broader peaks than normally 
encountered in high resolution NMR spectroscopy [S]. 

Competition studies were performed to examine the 
effect of physiological concentrations of L-aspartate on 
the L-pheny~~~ne ~notr~sfe~ activity of EN II. 
When assayed at an un~tu~ting ~n~ntm~on of L- 
phenylalanine (32 mM), the activity of Enz II was linearly 
inhibited by physiological concentrations of Laspartate 
(Fig. la). The [Ilo,, value [30] for L-aspartate was 
estimated to be 9.5 mM as shown in Fig. lb. These findings 
support those of Forest and Wightman [29] who showed 
that the aromatic aminotransferase activity of a multispe- 
cific aspartate aminotransferase from bushbean roots was 
competitively inhibited by L-aspartate, indicating that 
both the aliphatic and aromatic amino acid substrates 
compete for the same active site on the enzyme [17]. 
Assuming a similar competitive inhibition for Enz II from 
bushbean shoots and using its known V_ value of 
1.90 U/mg protein, the K, for L-aspartate is ca 8.5 mM as 
estimated by a Dixon plot [30]. 

Table 3. Kinetic parameters of the aspartate-aromatic aminotransferase isorymes 1 and II from bushbean shoots 

Substrate 

tested 

Lineweaver-Burl; Data* Hill data 

lsozyme I lsozyme II lsozymc I lsozyme II 
- 

V 

~Ut~~~. K, 
Y 

Substrate I;, tubby. correi. correi. 

held constant (mM) protein) (mM1 protein) So., 9n coeff. S,) “” CO&. 

L-Phc 
(O-SO mM) 
~-Asp 
(&IO mM) 

2.OG 
(@4 mM) 

2-OG (10 mM) 55.0 0.090 320.0 1.90 56.3 0.8 0.995 260 1.1 0.998 

2-OG (IO mM) 2.29 6.54 2.81 3.30 1.9 0.8 0.975 2.2 0.9 0.980 

~-Asp (20 mM) 1.65 6.68 3.9 6.67 1.15 1.1 0.978 3.5 1.04 0.990 

*The correlation coefficients in all Lineweaver-Burk plots were 0.992 or better. 

tone unit (U) of aminotransfcrase activity is defined as in Table 1. 
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CL-Asp3 (mM) 
, (b) 

CII fL-AsP.mMf 

Pig. I(a). Effect of increasing concentrations of t-aspartate on 
the L-phenylalanine: 2-OG aminotranskasc activity of isozyme 
II. t,-Phenylaianioc and Z-GG were supplied at tinal conccntra- 
tions of 32 mM and 10 mM, respectively. (b). Estimation of the 
[I&., value for the competitive inhibitor, t.-aspaitate. where V,is 
the phenylalanine aminotransferasc activity in the absence of 
inhibitor, and Vi is the enzyme activity in presence of a given 

concentration [I J of t.-aspartate. 

A determination of the kinetic constants for the DL- 
chloro-phcnylalanines transaminated by Enz II (see Table 
2) was attempted. The initial velocity curves for each 
substrate when tested in the presena of IOmM 2-OG 
were parabolic with no hint of saturation, but with 
apparent sigmoidal features. When the data was analysed 
by Lineweaver-Burk plots, in each case negative y and 
positive x intercepts were observed, suggesting that Enz II 
was indeed exhibiting sigmoidal kinetic behavior in the 
presena of the ~hlorophenyla~n~ne [34]. Figure 2a gives 
a typical initial velocity curve for 4~hlorophenylalanine, 
while Fig. 2b shows the Lineweaver-Burk analysis of this 
data. These results suggest complex interactions between 
Enz II and the chlorophenylalanines [30]. There is, 
therefore, the possibility that Enz II can act asan allosteric 
enzyme, displaying co-operative effects between binding 
sites when a chlorophenylalanine is provided as the 
substrate. Why the kinetics of the DL-chlorophenyl- 
alanines (~~oi~l) differ from those of L-phenylalanine 
and L-aspartate (Mic~elis-Menten) is not yet clear and 
will require further study. Competition experiments be- 
tween tphenylalanine and various D~~hloropheny~ 
alanines should resolve this question but would require 
the availability of the corresponding chloropheaylpyruvic 
acid reaction products for an accurate determination of 
aminotransferase activity specific to the chlorophenyl- 
alanines. Since these compounds could not be purchased 
commercially, resolution of this interesting kinetic 
anomaly must await synthesis of the required chloro- 
phenylpyruvates. 

Co,L-4Cl-Phrl tmMf 

(b) . 

/ 

r -0.996 

4 Co,L-4Cl-Phal“ tmM)’ 

Fig. 2(a). Initial velocity plot of the am~notransfe~ activity of 
isozyme II asa function of DLechloro-phenylalanineconcentra- 
tion in the presence of I9 mM 2-OG. (b). Lineweaver-Burk plot 
of the aminotransfc~ activity of isozyme II as a function of tx- 
4~hloro-phenylala~ne concentration in the presence of 10 mM 

2-OG. 

EJecf of i~hibjlors and pyr~oxu~-S-phosphu~e 

The effects of various inhibitors on the activities of 
Enz I and II were tested in the presena of 4OmM L- 
phenylalanine, 10 mM 2-OG and 0.1 mM PLP. 
Aminooxyacetate (AQA) has been reported to be a potent 
inhibitor of plant aminotransferases and has been 
routinely used as a selective aminot~nsfer~ iuh~bitor 
f3 11. although it is now clear that AOA can also inhibit the 
activities of other pyridoxal-5-phosphate (PLP). requir- 
ing enzymes such as decarboxylases. As expected, 0.5 mM 
AOA significantly inhibited the t,-phenylalanine amino- 
transfer~~tivity of both En+ I and Rand 1.0 mM AOA 
completely eliminated all activity. 

Hydroxylamine binds with free carbonyl groups and 
thus acts as a PLP an~gon~st and a~no~ransfer~e 
inhibitor [35, 363. At a con~ntration of 20&M, hy- 
droxylamine showed complete inhibition of the L- 
phenylalanine aminotransferase activity of both Enz I and 
II, strongly suggesting the rquirement of the coenzyme 
PLP for activity. An absolute requirement for PLP could 
not be demonstrated sina the activity of purified Enz I or 
II was insensitive to exogenously supplied 0.2 mM PLP 
(data not shown), which has also been reported by others 
[ IO.13 3. This is assumed to be due to the fact that the PLP 
of many plant aminotransferases seems to be more 
tightly bound than that of animal aminotransferases and 
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extensive treatments are usually required with such plant 
enzymes to resolve the apoenzyme from the holoenzyme 
[353. However, precipitation of enzymes with ammonium 
sulphate can often result in at least partial removal of the 
PLP prosthetic group from the holoenzyme. It is believed 
that the sulphate anion strongly inhibits the binding of 
PLP to coenzymes by competing with the phosphate 
group of PLP for an anion-binding pocket on the 
apoenzyme [37]. In such cases, addition of PLP to the 
pellet resuspension medium is necessary to recover amino- 
transferase activity. This was verified in the present case. 
During puriEcation of Enz 1 and II, if the protein pellet 
obtained after 4U-70 o/0 ammonium sulphate fractionation 
of the total soluble extract was resuspended in buffer 
without PLP, there was a loss of about 50% of the 
phenylalanine aminotransferase activity [6]. While the 
effects of sulphydryl modifying agents on plant amino- 
transferases are known to be variable (see [3S]), in this 
study iodoacetate had no effect on the L-phenylalanine 
aminotransferase activity of Enz I and 11, even when 
present at 10 mM, suggesting that free sulphydryl groups 
are not essential for this activity. Such insensitivity to 
sulphydryl-modifying agents has previously been reported 
for an aromatic aminotransferase in mung bean seedlings 
[38,39-J. 

Eflect oj cations 

The activities of Enz 1 and II were examined in the 
presence of 40 mh4 phenylalanine. 10 mM 2-OG, 0.1 mM 
PLP and various mono-, di- and trivalent cations (Na’, 
K’, Mg”‘, Mn’+, Cu’+ each 10 mM; Fe’+, 3mM; Ca’+, 
0.5 and 1 mM). No evidence of significant cation stimu- 
lation or inhibition of Enz 11 activity was observed. With 
Enz I, however, while activity was also unalTected by most 
of the cations tested, it was severely inhibited by Cal+; 
1 mM Ca’+ caused complete loss of activity. These 
Endings contrast with those of Forest [ 123 who reported 
that a multispecific aspartate aminotransferase from 
bushbean roots was stimulated 15-20 % by the addition of 
Ca’+orMg*’ . The potent and specific inhibition of Enz I 
by Ca” suggested that this enzyme may not encounter 
mm01 levels of Ca’+ in vioo, and therefore may be 
compartmentalized at a subcellular location quite dif- 
ferent from Enz 11. This possibility prompted a study of 
the subcellular localization of the L-phenylalanine amino- 
transferase isozymes I and II from bush&an shoots. 
which is reported below. 

Subcellular localization studies 

To determine the subcellular origin of Enz I and II, 
fractions enriched in purified cytoplasmic. chloroplast or 
mitochondrial components were prepared from lOday 
old bushbean shoots. The L-phenylalanine aminotrans- 
ferase activity in each enriched fraction was then charac- 
terized by ion exchange chromatography on identical 
columns of DEAE-Sephaal run at pH 6.8 and eluted with 
identical KC1 gradients. 

Results for the characterization of chloroplasts before 
and after purification by sedimentation through a 40% 
Percoll pad using the procedure of ref. [3], are given in 
Table 4. The values represent the average of three 
preparations and are expressed as perantage recovery of 
the total amount of chlorophyll or marker enzyme activity 
present in the crude Eltrate. The washed chloroplast 
preparation (6.5 mg chlorophyll), obtained by pelleting 

Table 4. Recovery of chlorophyll and marker enzymes from 

washed and Percoil-purifiai chloroplast fractions isolated from 

bushbeao shoots. Values are expressed as a percentage of the total 

amount in the original extract and represent the average of three 

preparations 

Characteristic marker 

Chlorophyll 

40% 
Washed Percoll-purified 

chloroplasts chloroplasts 

mg 
% Recovery 

Cytochrome c oxidase 

6.5 3.4 
18.0 9.5 

Specific activity 
(AA,,,/min/mg chl.) 

% Recovery 

GM&se 

0.023 nd 

1.5 0 

Specific activity 

(Uoitx/mg chl.) 
% Recovery 

4.9 1 nd 

2.7 0 

nd = not detected. 

the chloroplasts at 2ooO 8, showed an 18 % recovery of 
total chlorophyll with low contamination by the mito- 
chondria and peroxisome marker enzymes ( YO recovery of 
activity = 1.5 and 2.7 YO respectively). After sedimentation 
through 40% Percoll, 9.5% of the original chlorophyll 
was recovered. Contamination by mitochondria and per- 
oxisomes was below the limits of detection for marker 
enzyme activities. To estimate the yield of intact chloro- 
plasts. the ferricyanide test of ref. [40] was performed as 
described in the Experimental. The results indicated that 
the Percoll-purified chloroplasts were 93% intact cf 
washed chloroplasts, 59% intact. While Percoll puriE- 
cation resulted in the recovery of only 45 % (3.1 mg) of the 
chlorophyll present in the washed chloroplast fraction, 
this represented 71% of the ‘intact chlorophyll’ contained 
in the washed chloroplasts. Thus, the Percoll-purified 
chloroplast fractions were enriched in intact chloroplasts 
and showed no biochemical evidence of contamination by 
mitochondria or peroxisomes. The characterization re- 
sults obtained during this isolation of purified intact 
chloroplasts closely agreed with those reported in refs [41, 
421 and indicate the reliability of the method. 

Results for the characterization of mitochondria iso- 
lated by sedimentation through a discontinuous Percoll 
gradient are shown in Fig. 3. In the gradient, mitochondria 
were characterized by using cytochrome c oxidase as the 
marker enzyme. Catalase was used as a marker enzyme for 
peroxisomes, while chlorophyll was used lo indicate the 
presena of chloroplast material. Mitochondrial cyto- 
chrome c oxidase was found to be concentrated mainly in 
the bottom 3 fractions of the Percoll gradient [associated 
with the 35 yO (v/v) Percoll layer], and was separated from 
fractions contaminated with chlorophyll and cataIase by 
1-2 gradient fractions. Since cytochrome c oxidase is a 
marker enzyme for the inner mitochondrial membrane, it 
was also used to estimate the percentage of intact mitoc- 
hondria in each gradient fraction. A measurement of 
cytochrome c oxidase activity before and after release of 
the enzyme by treatment of the mitochondrial fraction 
with Triton X-100 detergent allowed a calculation of the 
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Fig. 3. Profile of di~on~inuous Per&i gradient showing the. 
distribution of organella; as determined by marker enzymes. The 
gradient consisted of 10 ml bushbean shoot homogenate layered 
on to the following steps: 3 ml af t 5 “/, 3 ml of 25 %, I5 ml of 30 Ye 
and 7 ml of 35 y0 (v/v) Pcrcoll. The gradient was centrifuged in a 

Beckman SW-27 rotor at 21000 rpm for 45 min. 

percentage of intact mit~hond~a. As shown in Fig. 3, 
fractions 17-19 of the ~~ntinuo~ Percoll gradient were 
found to have mitochondria estimated to be 70-SO”/, 
intact. These fractions were therefore pooled to give the 
enriched mit~hond~ fraction. 

Each of the subceliular fractions enriched in cytoplas- 
mic, chloroplast or ~t~hond~al components was then 
subjected to ion-exchange chro~to~phy on DEAE- 
Sephacel at pH 6.8. The t-phenylalanineaminotransferase 
in each subcellular fraction was elutcd from the~lumn by 
a O-250 mM KCI gradient. The protein elution profile and 
graph showing associated i..-phenylalanine aminotran- 
sferase activity for each subcellular fraction are shown in 
Figs 3-4. The cytoplasmic fraction (Fig. 4) was found to 
contain two peaks of t-phenylalanine aminotransferase 
activity; peak 1 elmed at cu 0.11 M KC1 and peak 2 at cu 
0.15 M KCI. This elution pattern very strongly resembles 
that reported in our previous paper [6] in which two 
isozymes of L-phenylalaninc aminotr~sfer~e (Enz I and 
II) were isolated from a total soluble extract of bushbean 
shoots by gradient elution from a DEAE-Sephacel 
column. lsozymes I and 11 eluted at cu 0.11 M and 0.15 M 
KCl, respectively, when the column was run under 
conditions identical to those used here. In contrast, the 
chloroplast fraction showed only one peak of L- 
phenylalanine aminotransferase activity which eiuted at ca 
0.18 M KCI (Fig. 5). and only a single peak ofactivity was 
obtained from the mitochondrial fraction which eluted at 
co 0.20 M KC1 (Fig. 6). The aminotransferase peak 
fractions from each subcellular preparation were pooled 
and each combined fraction assayed for total activity 
(Table 5). The estimates of total r-phenylalanine amino- 
transferase activity in each subc&uIar preparation were 
based on recovery of organelle markers and the percentage 
intactness of the isolated organelles. 

In addition to the total activity values, Table 5 also lists 
the DEAE-Sephacel elution conditions at pH 6.8, the 
estimated percentage distribution of total L-phenylalanine 
aminotransferase activity in each subcellular fraction and 
the ratio of L-phenyl~anine/L-as~r~teaminotransfer~ 

Em activity 

Fraction no. (6ml) 

Fig. 4. Protein et&on profile and related ~~phcnylalaainc aminotransfcrase activity obtained from DEAE- 
Sephaai chro~to~aphy at pH 6.8 of an enriched cytop!asmic fraction isolated from a bushbcan shoot 

homogenate. 
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Fig. 5. Protein elution profile and nlated L-pheny~ianine aminotmnsfera~ activity obtained from DEAE- 
Scphaccl chromatography at pH 6.8 ofan enriched chloropiast fraction isolated from a bushbean kaf homogenate. 
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Fig. 6. Protein elution profile and related L-phcnylalanine aminotransferase activity obtained from DEAE- 
Scphacel chromatography at pH 6.8 of an enriched mitochondrial fraction isolated from a bushbean shoot 

homogenate. 

activity for Enzymes I-4 from the subcellular frac- 
tions compared to the ratios from Enz I 
and II purified from a total soluble shoot extract. 
While all six aminotransferases exhibited a marked pre- 
ference for L-aspartate, showing only 0.640% relative 
activity with L-phenylalanine. the activity ratios were 
identical for Enz I and cytoplasmic Enzyme 1, and almost 
identical for Enz II and cytoplasmic Enzyme 2. In 
addition, the ion-exchange elution conditions for 
Enzymes 1 and Zcorresponded with those for Enz I and II, 
respectively, as discussed above. based on the estimated 
percentage distribution of total L-phenylalanine amino- 
transferase activity (i.e. Enz I plus Enz II activities), it 
appears that more than 95% of this total activity is 

accounted for by the combined activity of Enzymes 1 and 
2 from the cytosolic fraction. The combined activities of 
Enzyme 3 (chioroplastic) and Enzyme 4 (mitochondri~) 
on the other hand accounted for only about 4% of the 
total activity. 

Collectively, the data in Table 5 strongly suggest that 
the aspartate-phenylalaaine aminotransferase Enz I and II 
are both located in the cytoplasm and are responsible for 
most of the L-phenylalanine aminotransferase activity in 
bushbean shoots. A slight possibility exists, however, that 
one of these isozymes may originate in the peroxisomes, 
since these organelles are known to be very fragile and 
easily broken during isotonic organelle isolation. Low 
Ievels of L-aspartate: 2-OG aminotransferase in spinach 
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Table 5. Comparison of some properties of the aspartatc-aromatic aminotransferase isozymes I and I I f Enz 1 and 11) purified from 
a total soluble shoot extract with the bpheoylaianine aminotransferascs (Enzymes 1-4) found in enriched subcellular fractions 

from bushbcan shoots 

Cone. of KC1 required for Total activity % Distribution 
Enzyme sour(x and ciution from DEAE-Scphaccl in fraction of total % Relative Phc/ 
designation at pH 6.8 (mM) (uq x 10-q activity? Asp activity 

l-otai soluble extract 600’ 100 
Enz 1 108 0.60 
Ent II 150 3.50 

Cytoplasmic fraction 580 96.6 
Enzyme 1 110 0.60 
Enzyme 2 150 4. IO 

Chioropiast fraction 
Enzyme 3 175 12.q 2.1 I.2 

Mitochondriai fraction 
Enzyme 4 200 13.03 2.2 1.0 

*Reported in Ref. [6j. 
tTotai activity = Activity of total soluble extract (600 mff) set at IOOY!!. 
$ Based on 8 % recovery of ‘intact chlorophyi~. 
$Bascd on 64% recovery of total cytochrome c oxidasc activity in mit~ondria which were 75% intact. 
(One unit (U) of aminotransferasc activity is defined as in Table 1. 

leaf peroxisomes have been reported and it was calculated 
that the peroxisomai isozyme accounted for only 3 % of 
the total L-aspartate aminot~sfem~ activity in such 
leaves [43]. Such findings, coupled with the high dilution 
f&or involved in the release of peroxisome contents into 
the large volume of a cytopiasmic extract, make it very 
unlikely that the high L-aspartate aminotmnsfem~ ac- 
tivity associated with both Enz I and II could be per- 
oxisomal in origin. While different chromatographic be- 
havior on identical ion-exchange columns is only one way 
to demonstrate the presence of different isozymes or 
subforms of aminotransferases 127-J. it appears from 
differences in their chromatographic properties and in 
their ratios for L-phenyl~~nef r-aspartate amino- 
transferase activity that both chloroplasts and mitochon- 
dria in bushbean contain their own isozymic form of 
aspartate-aromatic aminotransferase (Enzymes 3 and 4). 
The present demonstration of several subcellular isozymes 
of this enzyme in bushbean shoots is in agreement with 
earlier results where four isozymes of L-aspartate amino- 
transferase in spinach leaves [43] and six isozymes of the 
enzyme in cotyledons of cucumber seedlings were found 
[W. 

In summary, the two isozymic forms of L-aspartate-L- 
aromatic aminotransferase (EN I and II) purified from a 
total soluble extract of bushbean shoots have been shown 
to possess many properties similar or identical to those of 
other multispecific L-aspartate aminotransferases isolated 
from plants and other organisms 113, 17, 19,20,27, 353. 
These two isozymes appear to be cytoplasmic in origin and 
account for at least 95% of the total activity of this 
multispecific aminotransferase in bushbean shoots. Two 
other isozymic forms of the aminotransferase (Enz 3 and 
4) have been isolated from organelle-enriched fractions 
and were shown to originate from the chloroplasts and 
mitochondria, respectively. The significance of the pre- 
sence of two major isozymes of this aminotransferase in 
the cytoplasm of bushbean shoots is not yet clear, and is 
complicated by differences in their sensitivity to added 

t-Y‘ and in their substrate specificity to the DL- 
chiorophenyi~anin~. Although certain of these synthetic 
DL~hiorophenyl~~in~ were transaminated by Enz II at 
rates comparable to those obtained with DL- 
phenylalanine. the highest activity was observed when 4- 
chlorophenylalanine was supplied as a substrate. This 
tiding has prompted an e~ination of the structural 
features of a range of puru-substitute aromatic amino 
acids which appear to lead to high aminotransferase 
activity. The results of this study and their implication on 
the nature of the enzyme-substrate reaction will be 
reported in the next paper of this series. 

EXPERIMENTAL 

Planr marerids and chemicafs. Bushbean seeds ~Phu,wotus 

vulgar& L. cv PcnciI Pod Black Wax) were germinated in moist 
vermiculite in a growth cabinet at 25/Z” day/night temperatures 
and the seedlings exposed to t6 hr daily PhotoInc of 
~~~W/crn’. At the I&day staple of seedling growth 
(when the first pair of leaves were about half fully expandedA the 
young shoots were harvested for enzyme extraction. The series of 
ring-substituted DLchlorophcnyklanines used in this study were 
synthesized and fully characteri& as reported in ref. [S]. 
Scphacryi S-300, DEAE-Scphaai, PetcoIl density gradient 
medium and a high-M, Gel Filtration Calibration Kit were 
purchased from Pharmacia. Ail other chemicals used in these 
investigations were purchased from Sigma or Aldrich Chemical 
Companies and were of analytical grade. 

&az~~pur~~ot~on. Details of the resolution and puri~tion 
of the L-phcnyi~a~nc aminotransfc~ isozymcs 1 and II from a 
total soluble extract of bushbcan shoots arc described in the 
previous paper of this series [b]. The main steps involved were: 
40-70 % (NH&SO, fractionation, Scphacryi S-300 gel filtration, 
DEAE-Scphacci ion exchange chromatography and Biogcl HTP 
hydroxyiapatitcchromatography, with an additional purification 
step using a second DEAE-Scphacci column for Enz II. 

Assay of ~.notr~~~er~ aaiuity of rhe purijied Em I and 

II. Experiments to determine the enzymic characteristics of L- 
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phenyialanintaminotroasfcrauc EN 1: and 11 werecarried out in a 
standard assay mixtureconsisting of 50 mM Tris-HCI buffer, pH 
8.5, containing in most instances the following additional com- 
ponents: 0.1 mM EDTA, 2 mM dithiothreitol (DTT), 0.1 mM 
pyridoxal phosphate (PLP) and either Enx I (lOO& 2.5 fig 
protein)or Enz iI (50 & 5.8 pg protein) in a final vol of0.75 ml. L- 
Amino acid and keto acid substrates were added at the final 
concentrations indicated in the Results s&on. Assays were 
normally carried out for 60 min at 35” since the reactions tested 
were found to he linear for at least 2 hr. When the product amino 
acid was to be determined. control systems contained all com- 
ponents of the reaction mixture except the substrate amino acid. 
The experimental and control reactions were stopped by the 
addition of 100 pl of 30% sulphonyl salicylic acid (%A), the 
product amino acid isolated and its quantity measured by HPLC 
after pm-column derivatization with o-phthalaldehyde, as pre- 
viously described [63. When the product aromatic kcto acid, 
phenylpyruvatc, was to be determined, the reaction was ter- 
minated by the addition of 1.0 ml of 1.75 M NaOH; the soln was 
mixed and the enol form of the phenylpyruvate was measured 
directly by the method of ref. [453. Using this method, the control 
system contained all components of the reaction mixture, but the 
NaOH was added before the keto acid at time zero. This control 
was then incubated along with the experimental systems for the 
required time period. One unit (U) of aminotransfcrase activity 
will convert 1 pmol of t-phenylalanine to I pmol of phenyl- 
pyruvatc (or 1 Fmol 2-OC to 1 pmol of t.-glutamate) at pH 8.5, 
35”. 

Determination ofproroin. Protein was estimated by the method 
of Bradford 1461 using bovine y-globuIin as a standard, except in 
the case of column monitoring during enzyme purification when 
the optical method was used [47]. 

M, dererminations. The Mr’s of r.-phenylalanine aminotrans- 
ferase Enz I and If were determined by gel filtration [9] on 
Sephacryl S-300. A column (90 x 2.5 cm) of Sephacryl S-300 was 
prepared according to the manufacturer’s instructions and 
equilibrated with 50mM Tris-HCI buffer, pH 7.5, containing 
0.1 mM EDTA, 12 mM 2-mercaptocthanol and 1 mM DTT. The 
column wascalibrated andastandardcurveoflog M, vs VJV, for 
the calibration proteins was used to estimate the Mr’s of the 
~inotransfe~s, where V, = elution vol. of protein in question 
and V, = void vol. of column zz V, of Blue Dextran 2ooO. 

Kinetic studies. The apparent K, and V_ values were 

determined from Lineweaver-Burk plots, l/u vs l/[S]; [21,44]. 
The kinetic data were supported by subjecting the data to 
graphical analysis by Hill plots: log (u/V,, - F) vs log [q; (303. 

Su~e~~ut~ localization studies. Fractions enriched in cyto- 
plasmic, chloroplast or mitochondrial components were com- 
pared chromatographically to determine the subcellular origin of 
phcnylalanine aminotransferase isozymes I and II. 

A. Prepararion of cyroplasmic fracrion. A fraction enriched in 
soluble cytoplasmic components was prepared by differential 
~ntrifu~tion. Bushbean shoots (50 g fr. wt) were chopped into 
fhtc pieces and then ground in a mortar for 35 min in 200 ml of 
an ice-&d grinding medium modified from ref. 1493 containing 
400 mM sucrose, 50 mhl Tris, pH 7.5,l mM MgCI,, 10 mM KCI, 
10 mM EDTA. 0.2 mM PLP, 8 mM 2-OG, 2 mM DTT, 12 mM 
2-mc~pt~th~ol and 5% glycerol. A small amount of acid- 
washed sand was added to act as an abrasive. The homogenate 
was filtered through 4 layers of cheesecloth and 2 layers of 20 pm 
nylon mesh, the residue discarded and the filtrate centrifuged at 
2OCQ f~ for 10 min ina Sorvall RC-28 refrigerated centrifuge using 
an SS-34 fixed angle rotor. The pellet, containing chloroplastr 
nuclei and other =&I debris, was discarded. The supematant was 
centrifuged at 25000 g for 10 min, yielding a pellet of mitochon- 
dria (discarded) and a supernatant which was re-centrifugcd at 

1OOOOOg for 120min in a Beckman LS-50 ultraamtrifuge 
equipped with an SW-27 rotor. The resulting microsomal pellet 
was discarded and the supernatant. a fraction enriched in soluble 
cytoplasmic components, was then subjected to a purifiation 
protocol (previously reported in ref. 161) designed to isolate and 
purify the L-phenylalanine aminotransferase. 

B. Prep~af~~ ojch~oropl~r~~rion. intact chloroplasts were 
isolated from the primary leavesof IO-day old bushbean seedlings 
following the method of ref: [3], which is a modification of that 
reported in ref. (413. co 6Og of leaf tissue were harvested and 
placed on ice for 30 min. The tissue was then cut into small pieces 
with scissors and placed into 300 ml of ice-cold extraction buffer 
at pH 8.0 containing 330 mM sorbitol, 50 mM tricine, 4 mM 2- 
mercaptoethanol. 2 mM EDTA. I mM MgCI, and 0.1% bovine 
serum albumin. After grinding for 1 min in a Polytron PT 20, the 
crude homogenate was filtered through 4 layers of cheesecloth 
and then squeexed through 6 layers of 20~ nylon mesh. The 
filtrate was ~ntrifuged at 2ooO g for I min in a Sorvall RC-2B 
refrigerated centrifuge using an SS-34 fixed-angle rotor to rapidly 

sediment the chloroplast fraction, The pelleted chloroplasts were 
gently resuspended in extraction medium (30 ml) using a small 
piece of nylon mesh attached to a glass rod. The washed fraction 
was then divided into 4 ahquots and each was underlayed with 
IS ml of Percoll medium containing 40% (v/v) Per&l, 330 mM 
sorbitol, 50mM tricine, pH 8.2 and 0.1% BSA. The intact 
chloroplasts were then pelleted by centrifugation at 2000 g for 
1 min m the Sorvall centrifuge equipped with an HB-4 swinging 
bucket rotor. After centrifugation. the supernatant containing 
broken chloropiasts was removed along with the Pcrcolf by 
aspiration. The remainingchloropl~t pellets were resuspended in 
cu IO ml of extraction buffer without BSA and characterized as 
described below. After characterization, the intact chloroplasts 
were sedimented by centrifugation at 2GUO g for 5 min and then 
gently resuspended in the enzyme isolation medium specified in 
Section E. below. 

C. Preporation of the mitockondrial fraction. Mitochondria 
were prepared from the lo-day old bushbean shoots using the 
method of ref. [SO] with some modifications. Epicotyls (15-18 g 
fr. wt) were finely chopped with a razor blade, placed in icecold 
grinding medium (75 ml) containing 350 mM Sorbitol, 50 mM 
HEPES, pH 7.51 mM EDTA, 1 mM MgCl,, 10 mM DTT, 1% 
~lyvinylpyrrolidone (PVPhIO, and 0.1% bovine serum albumin 
and ground for 3-5 min with a pestle and mortar. The homo- 
genate was filtered through two layers of cheesecloth and 2 layers 
of 20 pm nylon mesh wetted with 20 ml cold grinding medium 
and then centrifuged at 1500 g for 10 min in a Sorvall RC-2B 
refrigerated centrifuge using an SS-34 fixed angle rotor. The pellet 
containing whole cells, chloroplasts and cellular debris was 
discarded. 10 ml of the supernatant (equivalent to 2.s3.0 g fresh 
weight) were layered on top of a discontinuous Percoll gradient 
consisting of the following steps: 3 ml of 15 %, 3 ml of 25 %. I5 ml 
of 30% and 7 ml of 35 f/ Percoll. Each step also contained 0.25 M 
sucrose, 1 mM KH,PO,, 10mM HEPES, pH 7.5 and 0.1% 
bovine serum albumin. Six gradients were prepared for each 
experiment. The gradients were spun in a Beckman LS-50 
ultracentrifuge equipped with an SW-27swinging-bucket rotorat 
21 OCK) rpm for 45 min. After centrifugation, each gradient WAS 

fractionated from the bottom into 2 ml fractions using an isco 
Model 640 Density Gradient Fractionator and the fractions were 
characterized as described below. Percoll density was determined 
as described in the Pcrcoll Handbook supplied by Pharmacia 
Fine Chemicals. The mitochondrial band sedimented in the 35 % 
Percoil layer. The fractions enriched with purified intact mito- 
ehondria were combined, diluted with 5 volumes of washing 
medium containing 330 mM mannitol, 50 mM HEPES, pH 7.5, 
1 mM EDTA and 0.1% bovine serum albumin. and the mito- 
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chondria pelleted by centrifugation at 25 000 g for 5 mJn usJng the 
SorvalJantrifuge. The pellets were then gently tcsuspettdcd in the 
cnxyme isolation medium spccificd in Scction E below. 

D. Characterixution ojorgancllcs. 
(i) M&cm wrd to identify organelk fractions. Ch&rop&uts 
(intact or broken): ChJorophyJl was estimated in %% ethanol 
cxtraets using the extinction oocfiicient of ref. [S I] for absorption 
at 654 nm where: 

conamtration of chlorophyll (&ml) = 
loo0 x &JL 

39.8 

~~~~~r~: Cytochrome oxidasc activity (EC 1.9.3.1) was 
measured s~trophotomc~i~y by the dccreawr in A at 550 nm 
on an LKB Ultraspcc iotcrfhad with an Apple II computer using 
the ‘Ratetion Rate’ program. The method was based on that 
reported in ref. [52]. Reactions were run at room temp. Thirty ml 
of a soJn of cytochrome c (17 pM) in 100 mM Pi buffer. pH 7.0 
were rcduccd in an Erlcnmeyer tlask by adding 100 ~1 of a frc&Jy 
pmparcd sobs of sodium dithionitc (1.2 M). The soJn was &ken 
vigorously for 5 min to remove the excess dithionite. The ratio of 
AS,O/A56, of the cytochromc c soln was always co 12, indicating 
that thccytochrome c was in its nduccd form. A 0.2 ml aliquot of 
the organeJie preparation was added to 0.8 ml of the buffered 
cytochrome c solution, the reactants mixed by inverting the 
cuvettt and the rate of change in the ASso recorded. 

Peroxisomes Catalasc activity (EC 1.11.1.6) was determined 
by the dccrcase in A at 240 nm as dcscribcd by Luck [U]. 100 pJ 
of 30 % H,O, were added to 65 ml of 50 mM Pi bufler. pH 7.0. 
50 4 of the organelle preparation was added to 3 ml of this 
buffercd H,O, soht, the reactants were mixed by inversion and 
the rate of change m the A2+0 was recorded on a LKB Ultrasprc. 
The control contained the organellc sample in H,O,-free phos- 
phate buffer. One cataJase unit is the amount of enxyme which 
liberates half the peroxide oxygen from a H,O, solution in 
100 see at 25” [54-J. 

(ii) Measurement of the intactness of organelles. Chloropi~t 
intactness was estimated by the f&cyanide test described in ref. 
[40]. Fcrricyanidedcpendent 0, evolution was mcasurcd in 4 mJ 
of buffered medium containing 330 mM sorbitol. SO mM 4-(2- 
hydroxycthyJ)l-pipcraxine cthanc sulphoti acid (HEPES), pH 
?.6,2 mM EDTA, 1 mM MgCJr, 1.5 mM potassium fcrricyanide 
[KsFe(CNk], 10 mM r>L-gJyccraJdchyde and 5 mM NH&J. 
ChloropJasts (200 pg chlorophyll, cu 0.6 ml) were added before 
and after osmotic shock and the rate of oxygen evolution 
foJJowcd poJarigraphicaJIy with a Clarke-type oxygen electrode 
(YSI, ModeJ 5533, Yellow Springs, OH, USA) at 25” in ii&t 
(2SO W/m* at the JcvcI of the cuvctte) celibratcd against air- 
saturated water, the 0, concentration of which was taken as 
2MpM. A comparison of the fcrricyanidcdepcndcnt 0, evol- 
ution rate by chloroplasts kept in isotonic medium vs the rate 
shown by osmotically-shocked chloroplasts gave an estimation of 
the pcrantage of intact organ&s, caJcuJatcd by the following 
equation: 

[ 

rate of ferricyanidedcpcndcnt Or 
evolution by ‘isotonic’ chJoropJasts x 100 

%intactnms = loO-- 
rate of fe~icya~dcde~ndent O2 evol- 

I 
ution by ‘osmoticau-shock& chtoroplasts 

Mitochondrici membrane integrity was asscmcd by comparing 
cytoehrome c oxidase activity in mitochondria before and after 
Triton X-100 treatment. as described in ref. [SS]. Cytochrome 
oxidasc activity was assayed as dcscribcd in Section D (i) except 
that the assay mcdium also contained 330 mM sorbitoi to keep it 
isotonic. Mit~ho~~ were disrupted by adding Triton X-100 to 
a final conoentration of 0.02 %. 

E. Isolation and pwtti pw@ation of the phenytahninc aminot- 
riatuferase activity from PercoN-puri(Fcd organelks. The pcll~ of 
PcrcoJJ-purilied intact chloropktsts (Section B. abovc)and mitoc- 
hondria (combined yield of 3 experiments as described in Section 
C a&c) were each resuspended in ca 90 mJ of cnxyme isolntion 
medium consisting of 50 mM TrJs-HCI buffer, pH 7.5 containing 
0.2 mM PLP, 12 mM I-mcrcaptoctJtano1, 0.1 mm EDTA and 
0.1% Tergitol NPX. The suspensions were atirrcd on ice for 1 hr 
and then centrifuged at 25000~ for 1 hr to sediment the 
mcmbranc fractions The supernautat fractions containing the 
soluble stromal or matrix proteins were dialysed overnight at 4” 
against SO vols of 50 mM Tris-HCl, pH 7.5 containing 0.2 mM 
PLP, 2 mM DTT, 12 mM 2-mcrcaptoctJtano1 and 0.1 mM 
EDTA (Buffer A). The chJoropJast and mitochondriaJ dialysatcs 
were each applied to a DEAE-ScpJtaccl column (1.6 x 2.5 cm) prc- 
equilibrated to pH 6.8 with BuNer B (Buffer A without PLP)and 
phcnyIaJanine aminotransfcrasc was &cd with a linear gradient 
from O-250 mM KC1 in Buffer B, as previously described 163. 

F. PAGE ofpur#ied preparations of Enzymes I and II. Cat&co 
equipment (Model 12OOR) was used for PAGE. The gels were 
prepared in gJass columns using Tris-gJycinc buffer at pH 8.3. 
Elcctrophoresis was carried out on S-SO gg protein samples of Enx 
I and II prcparationS the running conditions and the protein 
staining proccdurcs employed were those described in ref. 163. L- 

Aspartatc and r-phenylalanine aminotransferasc activities were 
loattcd on the gels as follows: gels were sliced into 3 mm sections 
and each sJicc was assayed for aminotransfcrase activity by 
incubating for 90 mm at 35” in 0.75 ml of 50 mM Tris-HCI, pH 
8.5, containing 40 mM t.-aspartatc or t.-phcnylalanine, 5 mM 2- 
OG, 0.1 mM PLP, 0.1 mM EDTA and 2 mM DIT. Aspartatt 
aminotransferasc reactions were stopped by the addition of 
100 d 3O%sulphonyisaJicylicacidandtJtcglutamatepresent was 
measured by OPA-HPLC as previously described [6]. 
Phcny~~nine aminotransfcrasc reactions were stopped by the 
addition of J ml 1.75 N NaOH and the phenylpyruvatc present 
was measured by the method of ref. [4Sj. 
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