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Abstract. The rate of L-phenylalanine production 
from phenylpyruvic acid by whole cells of Pseudo- 
monasfluorescens strain ATCC 11250 was greater 
than 3 g-l-1 h-1. Synthesis of transaminase was 
constitutive but activity was greatest in medium 
containing D- or L-phenylalanine as sole nitrogen 
source. Maximum conversion was observed at 
34--40°C and at alkaline pH, with over six times 
initial rate of conversion at pH 12 than at pH 5. 
The optimum catalyst (cell) concentration was be- 
tween 10--20 mg ml-1 dry weight. The initial ra te  
of conversion was directly proportional to phe- 
nylpyruvate concentration, up to 4%, but the con- 
version yield steadily decreased between 2% and 
4% substrate concentration. The rate of conver- 
sion, as expected, increased as the concentration 
of glutamate increased. Whole cells were still cap- 
able of over 63% conversion after 40 days provid- 
ing reactions were supplemented with pyridoxal 
phosphate. Immobilisation of cells in calcium al- 
ginate and operation of a packed bed bioreactor 
enabled the continuous production of L-phenylal- 
anine in concentrations greater than 15 g.1-1 
after 60 days operation. 

Introduction 

During the last six years, interest in the synthesis 
of the aromatic amino acid, L-phenylalanine, has 
risen quite dramatically, due to the increasing im- 
portance of the dipeptide sweetener Aspartame 
(Klausner 1985). 
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Substrates such as benzaldehyde, glycine and 
acetic anhydride have been traditionally used to 
produce L-phenylalanine via chemical routes, and 
direct fermentation methods, using Coryneform 
bacteria and Escherichia coli, have also been well 
documented (Tsuchida et al. 1975; Choi and 
Tribe 1982). Although conventional fermentative 
strain improvement has been an ongoing process 
(Hagino and Nakayama 1974; Park et al. 1984; 
Hwang et al. 1985), recent emphasis has been on 
the use of bioconversion technology to satisfy the 
demands for high yields of an optically pure 
product. One of the better known biotransforma- 
tions is the conversion of trans-cinnamic acid us- 
ing phenylalanine ammonia-lyase from Rhodoto- 
rula yeasts (Yamada et al. 1981; Hamilton et al. 
1985; Evans et al. 1986a, b). Bioconversion proc- 
esses have also been described using acetamido- 
cinnamic acid as substrate (Nakamichi et al. 1984) 
and various microbial acylases and a novel phe- 
nylalanine dehydrogenase (Kitahara and Asai 
1983; Ziehr et al. 1984). However, the oldest bio- 
conversion method for production of e-phenylal- 
anine is certainly that utilising the aromatic ami- 
notransferases to aminate phenylpyruvic acid (Sa- 
kurai 1956; Asai et al. 1960). 

The conversion of phenylpyruvic acid to u- 
phenylalanine has been investigated by many 
workers (Kitai et al. 1962; Hummel et al. 1984; 
Bulot and Cooney 1985) and the aminotransferase 
system has consequently become the subject of a 
series of competitive patent applications (Fusee 
1984; Rozzell 1985; Primrose 1984; Lawlis et al. 
1985; Wood and Calton 1985). However, from a 
survey of the journal and patent literature to date, 
there have been very few reports of phenylpyru- 
vate transformations to L-phenylalanine in titres 
greater than 12 g.1-1 and little information re- 
garding the catalytic properties of aminotransfer- 
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ase-containing cells, maximum titres, conversion 
rates and catalyst stability over extended periods 
of  continuous reaction. 

Subsequent to the preparation of  this manu- 
script, some of the latter points were addressed in 
a publication describing the phenylpyruvate con- 
version process using whole cells of E. coli (Cal- 
ton et al. 1986). In this paper, however, we de- 
scribe some novel results from the characterisa- 
tion of  a Pseudomonas-catalysed phenylpyruvate 
transformation and demonstrate its suitability for 
commercial production of  L-phenylalanine. 

Materials and methods 

Strains. All identified microorganisms were obtained from the 
ATCC Culture Collection, Rockville, USA. Strains 5BH-5, 
SP6-4PP, IB10, IB4, SP19 and S. cerevisiae AH22 were all nat- 
ural wild type strains isolated in this laboratory. 

Media. Pseudomonas B1 medium contained (g.1 1): glucose 
15, NH4C1 3, KH2PO4 6, Na2HPO4 2, MgSO4 0.5, yeast extract 
5, L-phenylalanine 2, CaC12.2H20 0.005, FeC13.6 H20 0.008, 
ZnSO4.7HeO 0.0001, pH 7.0. Basal medium contained 
KH2PO4, MgSO4, CaC12, FeCI3 and ZnSO4 at the concentra- 
tions shown above. L-Phenylalanine (C-source) enrichment 
medium contained (g.l-~): basal medium, yeast extract 0.2, 
NH4C1 3.0 and L-phenylalanine 15. e-Phenylalanine (N- 
source) enrichment medium contained (g.1 1): basal medium, 
yeast extract 0.2, glucose 15 and L-phenylalanine 2.5. Phenyl- 
pyruvate enrichment medium contained (g. l-1):  basal me- 
dium, yeast extract 0.5, L-glutamate 1.2 and phenylpyruvate 
7.5. All media were adjusted to pH 7.0 with HC1 and sterilised 
by filtration. 

Isolation of microorganisms. Strains were isolated from soil, 
sewage, mud, leaves, trees and various contaminated soils 
from industrial effluents using the soil percolator techniques 
described previously (Evans et al. 1986a). 

Culture conditions. Strains were cultivated in shake flasks at 
30°C and usually harvested after 24-28 h growth (refer to le- 
gends for specific details). Cells for alginate slurry and immo- 
bilisation studies were cultivated in 10 1. Pseudomonas B1 me- 
dium in fully instrumented 14 1 fermenters. (LH Engineering 
2000 series) with dissolved oxygen maintained above 40% sa- 
turation, pH 7.0___0.1 and temperature 30°C___0.1°C. Cells 
were harvested after 18 h growth using ultrafiltration and the 
washed cells stored on ice at 4°C until use. 

Phenylpyruvate-transaminase activity. Assays contained, in a 
final volume of 5 ml; 30 mg m1-1 cell dry weight, 0.2 M Tris- 
HC1 pH 7.5, 12 mg m1-1 phenylpyruvic acid, 30 mg m1-1 as- 
partic acid, 0.05% cetylpyridinium chloride, and 0.1 mM pyri- 
doxal phosphate. Reactions were incubated at 30°C for 18 h 
with shaking at 162 rpm and the production of L-phenylalan- 
ine measured. The same assay was used with cell-free extracts, 
prepared from sonicated cells. 

Preparation of alginate-immobilised cells. A fresh cell suspen- 
sion was prepared in 0.2 M Tris-HCl pH 7.0 and 20% glycerol 
containing 5% (w/v) Pseudomonas fluorescens strain ATCC 

11250 cells. One volume of suspension (600 ml) was mixed 
with an equal volume of 4% (w/v) sodium alginate and the 
mixture shaken vigorously at 25°C for 10 min to evenly dis- 
perse the cells. The mixture was extruded through a hypoder- 
mic needle (0.5 mm) into 3 1 of 0.2 M CaCI2 at 25 ° C. The re- 
sulting beads varied in diameter from 1.5 to 2.0 mm and were 
allowed to stabilise at 25°C for 1 h. Beads were collected, 
washed in H20 and stored at 4°C in 100 mM CaC12 until use. 
Beads were hardened by incubating at 25°C in 2 1 0.1% (v/v) 

• glutaraldehyde pH 7.5 for 15 min. The hardened beads were 
washed free of excess glutaraldehyde and stored at 4°C in 
100 mM CaCI2. 

Operation of packed bed immobilised cell reactor. Hardened 
beads were packed into a glass column (20x3.5 cm) with 
110 ml working volume and retained by a scintered glass disc 
filter. The column was operated as a packed bed at 37°C and 
substrate feedstock consisting of 2% phenylpyruvate, 3.8% glu- 
tamate or 3.5% aspartate in 0.2 M borate pH 11.2, 20 mM 
CaClz and 0.1 mM pyridoxal phosphate was pumped through 
the column at a rate of 0.25 ml h -  ~. 

Phenylpyruvate transformation. Details of reactor volume and 
concentration of cells and reaction constituents are provided 
in the legends. 

Analysis. Phenylpyruvate was estimated as its enol-borate 
complex at A300 (Fujioka et al. 1970). L-Phenylalanine was es- 
timated by paper chromatography and cell dry weight mea- 
sured according to Evans et al. (1986a). Protein was estimated 
according to Bradford (1976). All chemicals and reagents were 
analytical grade. 

Results 

Isolation of phenylpyruvate-transforming 
microorganisms 

Three types of enrichment were employed in or- 
der to isolate as wide a variety of microorganisms 
as possible. Selection was made on the basis of  
the largest colonies growing on the various agar 
media after 4 days at 30 °C. As expected, large 
numbers of  isolates were obtained on media con- 
taining L-phenylalanine as sole carbon or ni- 
trogen source and most were capable of  produc- 
ing some L-phenylalanine under the transforma- 
tion-screening conditions employed. 

However, in the latter reaction, only a few iso- 
lates were capable of generating more than 
7.5 g . l -1  L-phenylalanine which was used as the 
criteria for selecting strains with good conversion 
potential. Interestingly, the greatest frequency of  
phenylpyruvate transformants was isolated from 
soil percolators enriched with phenylpyruvate/  
glutamate medium. No strains were isolated 
which could grow on phenylpyruvate as sole car- 
bon source in minimal medium, but the biomass 
levels observed in enrichment medium containing 
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g lu tamate ,  as well  as pheny lpyruva te ,  ind ica ted  
that  the lat ter  c a rbon  skele ton was cer ta inly be ing 
used  for  g rowth  (results not  shown).  

Comparison o f  phenylpyruvate conversion to 
L-phenylalanine by various microorganisms 

Table  1 shows the var ia t ion  in p h e n y l p y r u v a t e  
t r an s fo rma t ion  by  a wide range  of  mic roorgan-  
isms. Six o f  the na tura l  isolates,  which  were in- 
c luded  by  way  o f  compar i son ,  were  found  to be  
super ior  p roduce r s  o f  L-phenyla lan ine  c o m p a r e d  
to the ma jo r i ty  o f  cul ture strains. The four  species 
of  Pseudomonas were clearly the best  pheny lpy ru -  
vate t r an s fo rma n t s  and  isolates SP6-4PP, IB10, 
IB4 and IB8 were  all ident i f ied as be longing  to 
the genus Pseudomonas, using Bergey 's  M a n u a l  
for  De te rmina t ive  Bacter io logy (7th edition). Iso-  
late IB10 was shown  to be  a strain o f  P. fluoresc- 
ens and  isolate  SP19 as be longing  to the genus AI- 
caligenes. 
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Fig. 1. Production of phenylpyruvate-transaminase during 
batch culture of P. fluorescens 11250. Aliquots (20 ml) of ex- 
ponential culture were removed and used to prepare cell-free 
extracts as described in methods. Transaminase activity is ex- 
pressed as t~moles L-phenylalanine formed per mg protein per 
hour. O Transaminase activity; 0,  cell dry weight 

Table 1. Comparison of phenylpyruvate conversion to L-phe- 
nylalanine by various microorganisms 

Microorganism L-Phenylalanine 
(mg ml - l) 

Saccharomyces cerevisiae AH22 5.2 
Candida utilis 42402 4.8 
Rhodosporidium toruloides 26194 1.7 
Rhodotorula ylutinis 20147 4.2 
Candida boidinii 18 810 3.6 
Hansenula polymorpha 26012 2.7 
Agrobacterium radiobacter 6467 5.4 
Alealiyenes faeealis 25 094 0.9 
Alcaliyenes eutrophus 17 697 2.9 
Brevibaeterium laetofermentum 13 819 3.5 
Brevibaeterium flavum 21 889 1.6 
Brevibaeterium ammonigenes 6872 0.2 
Citrobaeterfreundii 10787 2.6 
Corynebacterium 9lutamicum 21675 5.4 
Escherichia coil 23 785 6.9 
Pseudomonas putida 15 175 8.5 
Pseudomonas olevorans 8062 10.3 
Pseudomonas denitrificans 13 867 8.0 
Pseudomonasfluoreseens 11250 10.6 
5BH-5 ] 5.9 
SP6-4PP | 12.6 
IB10 ~ Natural soil 13.9 
IB4 | isolates 10.8 
IB8 | 6.8 
SP19 J 14.7 

All strains were grown in Pseudomonas B1 medium for 24 h. 
Aliquots (5 ml) of cell suspension (65 mg c.d. wt. per ml) were 
mixed with 5 ml of reaction mixture containing 30 mg ml 1 
phenylpyruvate, 50 mg ml -] aspartate, cetylpyridinium chlo- 
ride 0.05%, in 0.2 M Tris-HC1 pH 7.8. Reactions were run for 
18 h at 30°C 

In o rder  to c o m p a r e  the true b ioconver s ion  
potent ia l  o f  some  o f  the mos t  p romis ing  strains, 
cells were  reac ted  with 1.5% w / v  p h e n y l p y r u v a t e  
and  2.8% aspar ta te  and  the t r ans fo rma t ion  moni -  
tored for  24 h. Both the natura l  isolates, SP19 and 
B10, gave excel lent  convers ion  yields of  98% and  
87%, respect ively,  and  with rates o f  convers ion  
(volumetr ic  product iv i ty)  which were  approx i -  
mate ly  1 mg m l - 1  h -  1. However ,  the strain, P. flu- 
orescens 11250, resul ted in a r emarkab l e  initial 
rate o f  convers ion  which,  be tween  1 and  4 h reac-  
t ion t ime, exceeded  3 mg m l -  1 h -  1. The  final con-  
vers ion yield was approx .  70% but  the reac t ion  
a p p e a r e d  to be  comple te  within 7 h. 

Thus,  a l though  isolates B10 and  SP19 were  
clearly useful  strains for  achieving high titres o f  
L-phenyla lan ine  in the first instance,  it was de- 
cided that  s train A T C C  No.  11 250 war r an t ed  fur- 
ther  invest igat ion because  of  its unusua l ly  high 
convers ion  rate even in the unop t imi sed  state. The  
rest o f  the da ta  r epor t ed  in this p a p e r  refer  exclu- 
sively to P. fluorescens strain A T C C  11 250. 

Growth and aminotransferase activity duriny 
batch culture 

As shown in Fig. 1, activity of  the amino t rans fe r -  
ase, which catalyses  the pheny lpy ruva t e  conver-  
sion to L-phenyla lanine ,  was highest  in very early 
exponen t ia l  phase  and  p r o b a b l y  reflects the nec- 
essary const i tut ive synthesis  o f  such a p r i m a r y  en- 
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Table 2. Effect of growth medium formulation on product ion 
of phenylpyruvate t ransaminase from P. fluorescens 11250 

Carbon Nitrogen Cell Relative 
dry weight activity 
g1-1  % 

Glucose NH4CI 2.8 100 
Glycerol NH4C1 3.0 105 
Fructose NH4CI 2.5 112 
Sucrose NH4C1 2.5 91 
Peptone NHaC1 2.9 72 
Yeast Extract NH4C1 3.1 59 
Glucose L-Aspartate 2.9 121 
Glucose L-Glutamate 3.0 114 
Glucose L-Phenylalanine 2.4 134 
Glucose D-Phenylalanine 2.0 150 
Glucose L-Tyrosine 2.5 129 
Glucose t -Tryptophan  2.5 94 
L-Phenylalanine - -  3.2 147 
t -Alanine - -  2.9 82 
L-Aspartate - -  3.5 100 
L-Glutamate - -  3.7 81 
L-Histidine - -  2.4 74 
L-Leucine - -  3.1 75 
L-Asparagine - -  3.9 100 
Glycerol L-Phenylalanine 3.5 138 
Glycerol L-Asparagine 3.9 112 
Glycerol D-Phenylalanine 1.8 163 

Media contained basal medium with 1% carbon sources, ex- 
cept where amino acids were used and these were 1.5%, ni- 
trogen sources were all 0.4%. Samples were removed after 24 h 
growth. The activity of phenylpyruvate t ransaminase in Pseu- 
domonas medium B1 was 1.8 ~tmoles phenylalanine formed 
per  mg.pro te in  per hour  (100% activity). 

zyme essential to central metabolism in the cells. 
Al though activity diminished throughout the rest 
of  growth, cells in midexponential phase growing 

Table 3. Influence of reaction components  on phenylpyruvate 
conversion by whole cells of P. fluorescens 11250 

Reaction mixture L-Phenylalanine 
(mg ml - 1) 

Complete at 30 ° C 17.5 
- Pyridoxal phosphate  18.5 
- Cetylpyridinium chloride 17.5 
- Aspartate 0.8" 
+ Pyridoxal phosphate  (10 mM) 19.2 
+ Cetylpyridinium chloride (0.5%) 21.6 

Aspartate (6.5%) 22.3 
Glutamate (6.5) 18.9 
Borate (0.2 M) 19.0 
Cells (8.9 mg m1-1) 17.5 
Cells (89.0 mg m1-1) 10.2 
Complete at 37 ° C 21.4 

Complete  reactions were carried out for 24 h at 30°C in a 1.0 
ml volume containing 8.9 mg ml-1 cell dry weight, 22.0 mg 
m1-1 phenylpyruvic acid, 40 mg m l - I  aspartic acid, 0.2 M gly- 
cine buffer pH 10 

for 24 h still possessed over 75% of the maximum 
activity originally observed. To facilitate cell gen- 
eration for subsequent experiments, flasks were 
normally harvested after 24 h growth where the 
activity was varied between 1.65--1.98 ktmoles per 
mg protein per hour. The constitutive synthesis of  
the phenylalanine-aminotransferase was con- 
firmed by growing of P. fluorescens 11250 in 22 
different media, see Table 2. The activity was low- 
est, at 72% of the control activity, in peptone/  
NH4C1 medium and highest, at 63% greater than 
the control, in glycerol/D-phenylalanine medium. 
The activity was generally higher in cells grown in 
all media containing D- or L-phenylalanine, irres- 
pective of carbon or nitrogen source. 

Optimisation of reaction components for 
phenylpyruvate bioconversion 

Table 3 shows that neither cell permeabilising 
agent (cetylpyridinium chloride) nor cofactor (py- 
ridoxal phosphate) were essential for L-phenylal- 
anine production. The elimination of the amino 
donor, aspartate, resulted in a 96% reduction in 
product formation; the low concentration of L- 
phenylalanine detected probably originated from 
mobilisation of endogenous amino acid pools to 
facilitate the reaction. 

Similarly, the use of excess cetylpyridinium 
chloride resulted in an extra 4 mg m l -  1 L-phenyl- 
alanine produced, indicating that end product 
feedback inhibition of the cell permease could be 
occuring above 17 mg ml-~ of the product. Maxi- 
mum conversion yield (100%) occured when the 
amino donor concentration was greatly elevated, 
illustrating the very high titres possible when the 
Pseudomonas-catalysed process. The fact that a 
low cell concentration facilitated a better conver- 
sion further illustrated the potential of  this proc- 
ess. 

Effect of transformation pH and temperature 

The initial rate of phenylpyruvic conversion, mea- 
sured over 2.5 h, was only slightly greater at alkal- 
ine pH 7.8 than acidic pH 5, whilst at pH 10 the 
rate of L-phenylalanine production increased dra- 
matically to approx. 2.8 mg m1-1 h -1 (Fig. 2). In- 
creasing the reaction pH still further to 11 and 12 
resulted in very rapid initial conversions (6 mg 
m l -  1 in 30 min) which decreased to a rate of ap- 
prox 3 mg ml-1 h-1. 
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Fig. 2. Effect of pH on L-phenylalanine product ion from phe- 
nylpyruvic acid using Pseudomonasfluorescens 11 250. Reac- 
tion mixtures contained 5 ml cells (42 mg ml ~ cell dry weight) 
and 5 ml of a solution containing 3.6% phenylpyruvic acid, 5% 
aspartic acid and 0.005% cetylpyridinium chloride in either 
phosphate  or borate buffer. • pH 5; O pH 7.8; • pH 10; [] 
pH 11; ,x pH 12 

The conversion yield after 2.5 h was shown to 
increase with temperature and at 37°C was al- 
most double that observed at 30°C (results not 
shown). 

tion by the L-phenylalanine produced. Thus, al- 
though faster conversion rates were observed with 
addition of high substrate concentrations, the 
product titres never exceeded 16 mg m1-1 (data 
not shown). As expected, the rate and yield of the 
conversion were also directly proportional to the 
concentration of  amino donor employed. Using a 
ratio of  1"3, substrate to amino donor, almost a 
90% conversion was achieved in 3 h. 

Stability of P. fluorescens 11250 cells for 
phenylpyruvate conversion 

It was found that cells incubated in water and a 
variety of  buffers at 200 mM pH 9.8 were unable 
to catalyse any phenylpyruvate conversion after 
12 days at 37°C (results not shown). It was ob- 
served (from thin layer chromatography and 
HPLC) that increasing amounts of  amino acids, 
and other ninhydrin-positive materials, were pro- 
duced from the cells during prolonged incuba- 
tion, probably due to cell lysis. Incubation of  cells 
in 0.8% alginate suspension (no calcium added) 
prevented any obvious release of  ninhydrin-posi- 
tive material and cells were found to be still capa- 
ble of producing L-phenylalanine after 40 days at 
37°C, see Fig. 4. Cells assayed in the absence of  
pyridoxal phosphate after 5 days incubation ap- 
peared as active as cells assayed with the cofactor 
indicating that the endogenous cofactor was prob- 

Effect of catalyst concentration 
100 

Unlike that of most biotransformations, the opti- ~ ao 
z mum catalyst concentration using Pseudomonas 9 

cells was relatively low, see Fig. 3. Reactions con- ~ eo 
taining 1% (w/v) dry cells resulted in over a 97% > 

Z 
conversion yield whilst higher cell concentrations ~ 
were not only wasted, but also proved detrimental ,,, 40 

> 
to accumulation of high product titres. 7- 

,,-I, 2o 

Effect of phenylpyruvate and 9lutamate 
concentration 

The initial transformation rate was shown to be 
directly proportional to the phenylpyruvate con- 
centration up to about 4% (w/v) substrate. 

However, the final conversion yield decreased 
steadily between 2% and 4% substrate concentra- 
tions. The observation of  decreasing final conver- 
sion yield was attributed to end product inhibi- 

10 20 30 40 50 60 70 80 90 1 0 0 2 0 0 3 0 0  

CELL DRY WEIGHT (gl -~) 

Fig. 3. Effect of cell concentration on phenylpyruvate conver- 
sion to L-phenylalanine. Incubations contained, in 12 ml, an 
aliquot of fresh cell suspension and a final concentration of 
phenylpyruvate 20 g - l -  ~ aspartate 38 g. 1-1 and cetylpyridin- 
ium chloride 0.05% in 0.1 M borate buffer pH 8.5. The results 
are expressed as relative conversion yields, where the maxi- 
mum conversion (100%) produced was 18.5 g.l  ~ L-phenylal- 
anine after 24 h 
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Fig. 4. Activity of phenylpyruvate transaminase in whole cells 
of P. fluorescens 11250 incubated in alginate suspension. Fresh 
cells were mixed with 0.8% alginate to give a final concentra- 
tion of cells at 17.5 g-1-1 dry weight, 0.5% alginate and 0.5 M 
borate buffer pH 9.8. The above cell slurry (200 ml) was incu- 
bated at 37 °C with shaking and samples (1 ml) removed peri- 
odically for determination of catalyst activity using 2% phenyl- 
pyruvate, 4% glutamate in 0.1 M borate pH 11.2 with and with- 
out 50 mM pyridoxal phosphate. • with pyridoxal phos- 
phate; O without pyridoxal phosphate 
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Fig. 5. Continuous production of L-phenylalanine by P. f luo- 
rescens 11250 immobilized in alginate beads. A substrate feed- 
stock consisting of 2% phenylpyruvate,  3.8% glutamate or 3.5% 
aspartate in 0.2 M borate pH 11.2 and 0.1 mM pyridoxal phos- 
phate was passed through the column of beads under  the con- 
ditions of operation described in the methods. Fresh pyridoxal 
phosphate  was added to the reactor containing 3.5% aspartic 
acid at the intervals indicated 

ably tightly associated with the enzyme. However, 
after 40 days incubation the exclusion of cofactor 
from reactions resulted in a 50% reduction in L- 
phenylalanine production, presumably because of 
dissociation of the cofactor from the enzyme and 
its ultimate loss from the cells altogether. 

Production of  L-phenylalanine by immobilised cells 
o f  P. fluorescens strain .4 TCC 11250 

Cells were entrapped in calcium alginate beads 
and reacted with substrate mixture which was 
slowly pumped through the packed bed. 

The cells were initially allowed to react until 
L-phenylalanine had accumulated to a concentra- 
tion greater than 17 g.1-1, then the flow rate was 
adjusted to try and maintain this titre in the ef- 
fluent stream. The flow rate was subsequently ad- 
justed several times during the 60 days operation. 
It can be seen from Fig. 5 that aspartate was a 
superior amino donor to glutamate. After 10 days 
of continuous operation, the aspartate-containing 
column was still accumulating L-phenylalanine 
above 17 g.1-1 whilst the glutamate column had 
increased significantly to below 12 g- 1-1. 

In this particular experiment, the aspartate co- 
lumn was supplemented with extra pyridoxal 

phosphate at intervals and this appeared to have 
pronounced effect after 35 days. Although data is 
not shown here, the aspartate-containing column 
was successfully operated, with product titres 
above 7.5 g . l - l ,  for a further 30 days. Although 
not determined in this experiment, it is highly 
likely that the addition of extra pyridoxal phos- 
phate to the glutamate-containing column would 
have had a similar stimulatory effect as shown 
with the aspartate column. 

Discussion 

Although there have been numerous reports of 
aminotransferase-containing strains capable of 
transforming phenylpyruvic acid to L-phenylalan- 
ine, very few have presented data which could be 
considered suitable for eventual scale up to a real- 
istic commercial process. In these authors' opin- 
ion, to establish economic and competitive tech- 
nology for L-phenylalanine production, the bio- 
conversion process must possess a highly efficient 
conversion yield, selectivity, product titre, prod- 
uct recovery and concentration and stability of 
the catalyst used. The relatively high cost of most 
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substrates for transformation to L-phenylalanine 
(i.e. >~ $5.00/kilo) demands that bioreactors are 
operated at a substrate concentration above 2% 
(w/v), with a minimum of 85% (w/w) conversion 
yield, 99% selectivity and a catalyst lifetime of 3 
months. 

Few, if any, reports of microbial aromatic am- 
ino acid transamination reactions contain data 
which meet the latter set of  process criteria and 
the majority of publications and patents filed are 
concerned with the biochemical and genetic ma- 
nipulation of the aminotransferase from E. coli 
(Primrose 1984; Rozzell 1985; Wood and Calton 
1985). 

Most of the strains, including those from the 
ATCC culture collection, gave results similar to 
those reported by Asai et al. (1960) and Calton et 
al. (1986). P. fluorescens strain ATCC 11 250 was 
chosen for all subsequent work on the basis of its 
remarkable initial rate of conversion. Although 
synthesis of the aromatic aminotransferase system 
was shown to be constitutive, higher rates of con- 
version were observed with cells grown in the 
presence of D- or L-phenylalanine. It is possible 
that two (or more) aromatic-amino acid amino- 
transferase exist P. fluorescens 11250, one of 
which is inducible, as reported in the case of Bre- 
vibacterium linens 47 (Lee and Desmazeaud 
1985). 

The fact that whole cells of P. fluorescens 
11250 were capable of achieving almost a 95% 
(w/w) conversion of a 2% (w/v) phenylpyruvate 
solution was also quite remarkable, considering 
that transamination reactions usually have an 
equilibrium constant of about 1.0, hence achiev- 
ing little more than a 50% conversion (see Rozzell 
1985). It is possible that the aromatic aminotrans- 
ferase in strain 11250 is unusua l  with a ~;ery fa- 
vourable equilibrium for L-phenylalanine synthe- 
sis, or that a very active oxaloacetate decarboxy- 
lase prevents accumulation of any keto by-prod- 
uct, so pulling the reaction to completion (Rozzell 
1985). The effect of pH on the transformation ap- 
peared to confirm that strain 11250 did possess 
an unusual aminotransferase. The extremely rapid 
conversion rate at high alkaline pH illustrated the 
potential for biochemically manipulating this 
strain. The solubility of L-phenylalanine is greatly 
increased at such high pH's and enzymes catalys- 
ing the degradation of phenylalanine and the for- 
mation of by-products may be significantly inhi- 
bited at such high pH's. It is possible that the 
higher pH also increases activity of the oxaloace- 
tate decarboxylase present or even accelerates the 
physical breakdown of oxaloacetate to pyruvate. 

Furthermore, at the higher reaction pH the 
phenylpyruvate substrate will rapidly equilibrate 
between the keto and enol forms so facilitating 
the future use of very high concentrations of sub- 
strate (6 to 8%) with little inhibition of the reac- 
tion rate by the keto acid itself. 

The observations that the conversion yield de- 
creased as the substrate concentration was in- 
creased indicated that end product inhibition was 
probably occurring to some degree; this is illus- 
trated further by the fact that the initial rate of 
conversion was seen to increase with substrate 
concentration. It was even more encouraging that 
only relatively low cell concentrations were re- 
quired to achieve the high conversion yields ob- 
served, as this further improves the economics of 
such a process. The ceils were shown to maintain 
their integrity and aminotransferase stability 
when immobilised and continuously reacted for 
prolonged periods at 37 ° C. 

It is likely that a larger scale bioreactor would 
be operated at 30°C and, by extrapolation, its 
lifetime could be expected to greatly exceed the 
60 days operation presented here. The titres of L- 
phenylalanine achieved using strain ATCC 11 250 
are well within the range to facilitate easy recov- 
ery and crystallisation of the product by conven- 
tional techniques. The L-phenylalanine product 
was shown to be exclusively the L-isomer, using 
Chiralpak WH column HPLC chromatography 
supplied by Daicel Chemicals Ltd., NY, USA. Se- 
lectivity was consistently >1 99%. Mutants of strain 
ATCC 11250 isolated recently were capable of 
producing more than 33 g.1-1 L-phenylalanine. 
Costings based on these data (plus a source of 
phenylpyruvate less than $4.00/kilo) demonstrate 
the feasibility of producing L-phenylalanine for 
less than $18.00/kilo. Scale up of the P. fluoresc- 
ens strain ATCC 11 250 phenylpyruvate process 
will be reported at a later date. 
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