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Abstract. Escherichia coli and some other enteric bacteria possess three regulatory isozymes of 
3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthase, each of which is inhibited by 
one aromatic amino acid. The L-phenylalanine-sensitive isozyme of DAHP synthase has 
evolved most recently since it is absent in all other members of the Gram-negative cluster that 
contains enteric bacteria as a subcluster. A comprehensive survey of enteric genera was carried 
out to determine whether the newly evolved isozyme is a stable, conserved trait, The results 
obtained show that all the genera of the contemporary Enterobacteriaceae family possess the 
recently evolved phenylalanine-sensitive isozyme in addition to the tyrosine- and tryptophan- 
sensitive isozymes of DAHP synthase. However, physiological manipulation was usually nec- 
essary to derepress the tryptophan-sensitive DAHP synthase in order to demonstrate its pres- 
ence. 

The biosynthetic pathway for aromatic amino acids 
is complex and varies widely in nature [7]. Distinc- 
tive features include alternative biochemical steps, 
presence of distinct isozymes, different patterns of 
allosteric control, varied specificity of dehydro- 
genase enzymes for co-factor, and presence or ab- 
sence of multifunctional proteins [I l]. The enzymo- 
logical diversity of character states within the 
aromatic pathway has been successfully exploited 
to deduce the evolutionary history of the key en- 
zymes of the biosynthetic sequence among clusters 
of closely related microorganisms within phyloge- 
nies defined by 16S rRNA homology [1, 4, 11]. 

The Gram-negative assemblage of prokaryotes 
designated as Superfamily B includes enteric bacte- 
ria, an Oceanospirillum cluster, Group 1 pseudo- 
monads (e.g., Pseudomonas aeruginosa), Group V 
pseudomonads (e.g., Xanthomonas campestris), 
and Acinetobacter species. The evolutionary events 
that generated the three regulatory isozymes of 
3-deoxy-D-arabino-heptulosonate 7-phosphate 
(DAHP) synthase (E.C. 4.1.2.15) [phenylalanine- 
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sensitive DAHP synthase (DS-phe), tyrosine-sensi- 
tive DAHP synthase (DS-tyr), and tryptophan-sen- 
sitive DAHP synthase (DS-trp)] in Escherichia coli 
have been proposed recently [2, 4]. The L-phenyl- 
alanine-sensitive isozyme of DAHP synthase 
(DS-phe) is the most recently evolved isozyme in 
Superfamily-B organisms. Since DS-phe is absent 
throughout Superfamily B except within the enteric 
lineage (defined as the traditional enteric bacteria 
and the Aeromonas and AIteromonas genera) [4], it 
has been proposed that DS-phe evolved prior to the 
divergence of Alteromonas (branches at the deepest 
level within the enteric lineage) from the enteric 
bacteria and after divergence of the Oceanospiril- 
lum sublineage [5] (the next closest cluster to en- 
teric bacteria). 

The enteric lineage, defined by species that di- 
verged at a phylogenetic depth (SAd = 0.58) [17], 
has been evolutionarily dynamic for aromatic bio- 
synthesis [2]. The enteric lineage gained two new 
character states after its divergence from the 
Oceanospirillum lineage, namely, the bifunctional 
T-protein of tyrosine biosynthesis (chorismate mu- 
tase-T:cyclohexadienyl dehydrogenase) and DS- 
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phe.  Seve ra l  o the r  c h a r a c t e r  s tates  o f  a roma t i c  bio- 
syn thes i s ,  namely ,  the p r e s e n c e  o f  a mono-  

func t iona l  c h o r i s m a t e  m u t a s e  (CM-F ,  F for  free 

o f  a s soc ia t ion  with o the r  e n z y m e  act ivi t ies)  and 

broad-spec i f i c i ty  c y c l o h e x a d i e n y l  d e h y d r a t a s e  

(CDT) ,  va ry  cons ide rab ly  within  the en te r ic  bacte-  

ria [2]. All the gene ra  making  up the en te r ic  bac te r ia  

w e r e  s c r e e n e d  for  the p r e s e n c e  o f  DS-phe  i s o z y m e  

to d e t e r m i n e  w h e t h e r  this newly  acqu i red  i s o z y m e  

is un i fo rmly  d is t r ibu ted  t h roughou t  the en te r ic  bac-  

ter ia  or  w h e t h e r  any gene ra  have  lost this c h a r a c t e r  

s tate.  

Materials  and Methods  

Organisms and growth conditions. Shigella dysenteriae ATCC 
11456a, Salmonella enteritidis ATCC 13076, Klebsiella pneumo- 
niae ATCC 13883, CitrobacterJ?uendii ATCC 29935, Enterobac- 
ter cloacae ATCC 13047, Enterobacter aerogenes ATCC 13048, 
Enterobacter agglomerans ATCC 29915, Serratia rubidaea 
ATCC 27614, Kluyvera ascorbata ATCC 33433, Cedecea divisae 
ATCC 33431, Morganella rnorganii ATCC 25830, Edwardsiella 
tarda ATCC 15947, Yersinia enterocolitica ATCC 9610, H~tfhia 
alvei ATCC 13337, Providencia alcal~wiens ATCC 9886, and 
Proteus vulgaris ATCC 29905 were obtained from American 
Type Culture Collection (Rockville, Maryland) Salmonella en- 
teritidis (37~ K. pneumoniae (37~ C. fruendii (37~ E. 
cloacae (30~ E. aerogenes (30~ E. agglomerans (26~ and 
S. rubidaea (26~ were grown on M9 medium, as described by 
Winkler and Stuckman [16]. Kluyvera ascorbata (37~ C. devi- 
sae (26~ Y. enterocolitica (30~ P. vulgaris (37~ H. alvei 
(30~ and P. alcalifaciens (37~ were grown on M9 medium 
containing 1 mg/l each of nicotinamide, p-aminobenzoate, D- 
biotin, calcium pantothenate, and thiamine. Shigella dysenteria 
(37~ M. morganii (37~ and E. tarda (37~ were grown on 
M9 medium containing the above-mentioned vitamins and sup- 
plemented with 0.1% (wt/vol) acid-hydrolyzed casein (Difco). 
Where indicated, the minimal medium was supplemented with 
0.5% (wt/vol) acid-hydrolyzed casein to derepress DS-trp. The 
organisms were grown to the late exponential phase of growth, 
harvested by centrifugation, washed once with 50 mM K-phos- 
phate buffer (pH 7.0) containing I mM dithiotreitol (DTT) (buffer 
A), and stored at -80~ until used. 

Preparation of cell extracts and enzyme assay. Cell pellets were 
suspended in buffer A, disrupted by sonication, and centrifuged 
at 150,000 g for I h. The resulting supernatant was passed 
through a Sephadex G-25 column (1.5 • 20.0 cm) equilibrated in 
10 mM K phosphate (pH 7.0) containing 1 mM DTT (buffer B). 
The protein-containing fractions were pooled and are termed 
crude extract. 

DAHP synthase activity was assayed by the method of 
Srinivasan and Sprinson [14] as modified by Jensen and Nester 
[13]. The reaction mixture in a final volume of 0.2 ml contained 
buffer A, a suitable amount of enzyme, I mM cobaltous chloride 
(which gave maximal activity among the metal ions tested), I 
mM sodium o-erythrose 4-phosphate (E4P), and I mM trisodium 
phosphoenolpyruvate (PEP). Incubation at 37~ was carried out 
for 20 rain, and the reaction was terminated by the addition of 
0.05 ml of 20% (wt/vol) trichloroacetic acid. After removal of 
precipitated proteins by centrifugation, DAHP was estimated in 

the supernatant. The absorbance was read in a thermoregulated 
cuvette at 55~ in a spectrophotometer at 549 nm. Protein in the 
crude extracts was assayed by the method of Bradford [6], with 
bovine serum albumin as the standard reference protein. 

DE52 column chromatography. Approximately 100 mg of crude 
extract protein was applied to a DEAE-cellulose (DE52) column 
(1.5 • 20.0 cm) equilibrated in buffer B. The column was washed 
with two bed volumes of the equilibration buffer, and then the 
bound proteins were eluted with 300 ml of a linear gradient of 
KC1 (0.0-0.35 M) contained in the equilibration buffer. Fractions 
of 2.2 ml were collected and assayed for absorbance at 280 nm 
and for DAHP synthase activity. Fractions containing enzyme 
activity were tested for sensitivity to potential inhibitor com- 
pounds, as indicated. 

Biochemicais. Amino acids, E4P, PEP, DTT, bovine serum al- 
bumin and Sephadex G-25 were obtained from Sigma Chemical 
Company (St. Louis, Missouri). DE52 was purchased from 
Whatman, Inc. (Clifton, New Jersey). Prephenate was prepared 
as the barium salt from culture supernatants of a tyrosine auxo- 
troph of S. typhimuriurn [8] and was converted to the potassium 
salt before use. Chorismate was isolated from the accumulation 
medium of K. pneumoniae 62-1 and purified as the free acid [9]. 
All chemicals were of reagent grade. 

Results and Discussion 

D A H P  synthase i sozymes  in enteric bacteria.  T w o  

peaks  o f  D A H P  syn thase  were  e lu ted  fo l lowing 

DE52 co lumn  c h r o m a t o g r a p h y  of  c rude  ex t rac t s  

f rom a C i t r o b a c t e r  f r u e n d i i  cul ture  (Fig. la). The  

ma jo r  leading peak  f rac t ions  (DS-phe)  were  found 

to be sens i t ive  to inhibi t ion by L-phenyla lan ine  (Ta- 

ble 1), while the minor  trail ing peak (DS-tyr)  was 

sens i t ive  to L- tyrosine  (Table 2). The  lat ter  peak  

f rac t ions  were  also sens i t ive  to inhibi t ion by L- 
pheny la lan ine  owing  to c r o s s - c o n t a m i n a t i o n  by DS-  

phe,  and,  as e x p e c t e d ,  a combina t i on  o f  a romat i c  

amino  acids  (Aro) p r o d u c e d  more  inhibi t ion than 

did e i the r  a lone (Table  2). S imi lar  resul ts  were  ob- 

ta ined f rom Sh ige l l a  d y s e n t e r i a e  (data not shown).  

T w o  peaks  o f  D A H P  syn thase  ac t iv i ty  were  

also e lu ted  fo l lowing  c h r o m a t o g r a p h y  of  c rude  ex- 

t racts  p repared  f rom S a l m o n e l l a  en ter i t id i s  (Fig. 

lb) and K l e b s i e l l a  p n e u m o n i a e  (Fig. lc).  T h e s e  

p r o v e d  to be DS-phe  (Table  I) and DS- ty r  (Table 2). 

D S - t y r  was the ma jo r  i s o z y m e  in S.  enter i t id is ,  

while  D S - p h e  and DS- ty r  were  e x p r e s s e d  in a rela- 

t ive ly  ba lanced  ratio in K .  p n e u m o n i a e .  

T w o  peaks o f  D A H P  syn thase  ac t iv i ty  also 

e lu ted  fo l lowing DE52  c o l u m n  c h r o m a t o g r a p h y  of  

c rude  ex t rac t s  p r e p a r e d  f rom cul tures  o f  E n t e r o -  

b a r t e r  a e r o g e n e s  (Fig. 2a) and E.  c l o a c a e  (Fig. 2b). 

Again  these  p r o v e d  to be DS-phe  (Table  1) and DS-  

tyr  (Table  2). In each  case ,  D S - p h e  e lu ted  as a mi- 

nor  leading peak  of  ac t iv i ty  whi le  D S - t y r  was the 
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Table 1. Inhibition of DAHP synthase-phe isozymes in the presence of aromatic amino acids 

% Inhibition h by % Inhibition ̀�9 by 
Fraction 

Bacterial species number" Phe Tyr Trp Aro Phe Tyr Trp Aro 

Citrobacter fru endii 126 70 0 0 67 92 0 I 91 
Salmonella enteritidis 138 56 6 3 55 82 3 l 81 
Klebsiella pneumoniae 133 76 5 0 70 91 0 0 89 
Enterobacter aerogenes 119 67 0 2 66 80 0 1 80 
Enterobacter cloacae I I 1 58 0 0 54 81 0 2 80 
Ha[hia alvei [16 22 1 0 16 56 4 0 50 
Proteus vulgaris 125 27 0 2 17 75 0 0 74 
Edwardsiella tarda 95 40 0 0 29 62 0 2 53 
Kluyuera aseorbata I 16 60 0 0 63 81 3 0 78 
Yersinia enteroeolitica 145 72 0 0 69 86 4 1 88 

~' Refers to column profiles shown in Figs. 1 (a,b,c), 2 (a,b), 3 (a,b,c), and 4 (a,b). 
t, The final concentration of L-phenyla[anine (Pbe), L-tyrosine (Tyr), L-tryptophan (Trp), or the combination of  all three (Aro) was 0.1 
mM. 
' The final concentration of Phe, Tyr, Trp or Aro was 0.5 raM. 
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Fig. 1. Elution profiles of DAHP 
synthase-phe and DAHP syn- 
thase-tyr resolved by DE52 
chromatography with extracts 
prepared from cultures of C. 
fruendii (a), S. enteritidis (b), 
and K. pneumoniae (c) grown in 
minimal medium. The column 
chromatography was performed 
as described under 'Methodol- 
ogy'.  The vertical dashed line 
indicates the onset point of 
gradient elution. DAHP synthase 
activity is expressed as A549. An 
absorbance value of 1.0 at 549 
nm corresponds to 2.8 nmoles of 
DAHP formed per min. The 
distribution of protein eluted 
(expressed as A28~) is shown by 
dotted lines. 
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Fig. 2. Elution profiles of  DAHP 
synthase-phe  and DAHP syn- 
thase- tyr  resolved by DE52 
co lumn chromatography with 
extracts  prepared from cultt~res 
of  E, aerogenes (a) and E, cloa- 

cae (b). The profiles shown in 
Fig. 3c were obtained when 
crude extracts  prepared f iom 
cul tures  of  E. cloacae grown in 
minimal medium supplemented 
with acid-hydrolyzed casein 
(AHC) were used for DE52 
chromatography  and show the 
resolution of all three DAHP 
syn thase  isozymes.  Nearly two 
l imes more extract protein was 
used in assays  to obtain the 
profiles in c than in b owing to 
the repressibility of  DAHP 
synthase-phe  and DAHP syn-  
thase-tyr .  However ,  even when 
the amount  of  extract  used for 
a ssays  done in a was increased,  
no DAHP synthase- t rp  i sozyme 
profile was detected.  

major peak of activity. Similar results were ob- 
tained from E. agglomerans and Serratia rubidaea 
(data not shown). 

No DAHP synthase-trp was detected in any of 
the organisms listed above after growth in minimal 
medium. In Escherichia coli cultures grown in the 
minimal medium, DS-phe is the major isozyme, DS- 
tyr constitutes a minor fraction of the total activity, 
while DS-trp is maximally repressed [12]. Growth 
orE. coli on acid-hydrolyzed casein results in dere- 
pression oftryptophan-pathway enzymes (including 
DS-trp), since the faster growth rate and the pres- 
ence of all amino acids except L-tryptophan makes 
tryptophan rate-limiting to growth. Application of 
this nutritional manipulation to E. cloacae did in- 
deed result in the appearance of a third peak of 
DAHP synthase activity when crude extracts pre- 

pared from cultures grown in the presence of acid- 
hydrolyzed casein were used for DE52 column 
chromatography (Fig. 2c). The new peak of activity 
proved to be sensitive to L-tryptophan (DS-trp) 
(36% and 51% inhibition by 0.1 and 0.5 mM L-tryp- 
tophan respectively). In addition, the DS-tyr iso- 
zyme was repressed about five- to sixfold, whereas 
the DS-phe activity was barely affected. 

Two isozymes of DAHP synthase also eluted 
after DE52 chromatography of crude extracts 
prepared from Halfnia alvei (Fig. 3a), Proteus 
vulgaris (Fig. 3b), and E. tarda (Fig. 3c). In each 
case one peak of activity proved to be sensitive to 
L-phenylalanine (DS-phe) (Table I), while the sec- 
ond peak of activity was sensitive to L-tryosine 
(DS-tyr) (Table 2). In each case DS-tyr constituted 
the major peak of activity, while DS-phe eluted as 
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Table 2. Inhibition of DAHP  synthase- tyr  i sozymes  in the presence of  aromatic amino acids 

% Inhibition;' by 
Fraction 

Bacterial species number"  Phe Tyr  Trp Aro Phe 

% Inhibi t ion '  by 

Tyr  Trp Aro 

Citrobacter fruendii 136 37 42 0 72 46 54 2 91 
Salmonella enteritidis 117 0 70 0 77 4 88 I 92 
Klebsiella pneumoniae 118 2 25 0 24 0 55 2 53 
Enterobacter aerogenes 138 0 68 0 65 0 88 0 87 
Enterobacter cloacae 126 0 80 0 77 1 94 2 94 
Ha/hia alvei 129 0 59 0 65 0 92 0 93 
Proteus vulgaris 108 0 53 0 51 0 93 fi 93 
Edwardsiella tarda 107 0 66 0 69 0 86 0 90 
Kluyvera ascorbata 132 2 34 0 40 4 82 0 84 
Yersinia enterocolitica 119 4 75 0 70 0 91 2 95 

" Refers to co lumn profiles shown in Figs. 1 (a,b,c), 2 (a,b), 3 (a,b,c), and 4 (a,b). 
;' The final concentrat ion of Phe, Tyr,  Trp or Aro was 0.1 mM. 
' The final concentrat ion of  Phe, Tyr,  Trp or Aro was 0.5 mM. 

Fig. 3. Elution profiles of  D A H P  T 
syn thase-phe  and DAHP  syn- 
thase- tyr  resolved by DE52 
chromatography  of crude ex- < 
t racts  prepared from cultures of  
H. alvei (a), P. oulgaris (b), and 
E. tarda (c) grown in the mini- 
mal medium. 
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Fig. 4. DE52 chromatography 
showing elution profiles of 
DAHP synthase-phe and DAHP 
synthase-tyr from crude extracts 
of cultures of K. ascorbata (a) 
and Y. enterocolitica (b) grown 
in minimal medium and of 
DAHP synthase-trp and DAHP 
synthase-phe from crude extracts 
of cultures of Y. enterocolitica 
(c) grown in the minimal medium 
supplemented with acid-hydro- 
lyzed casein (AHC). Even 
though roughly two times as 
much extract protein was used in 
assays to obtain the profiles in c 
as in b owing to the repressibil- 
ity of DAHP synthase-tyr and 
DAHP synthase-phe, no DAHP 
synthase-tyr profile was ob- 
tained. No column fractions 
exhibiting DAHP synthase activ- 
ity were sensitive to inhibition 
by L-tyrosine. 

F R A C T I O N  N U M B E R  

the minor peak of activity. Similar results were 
obtained from C. devisae, P. alcalifaciens, and 
Morganella rnorganii, except  that in P. alcal~fa- 
ciens and M. rnorganii, DS-phe consti tuted the ma- 
jor  peak of activity (data not shown). 

Two isozymes of  D A H P  synthase eluted after 
DE52 chromatography  of  crude extracts  prepared 
from K. ascorbata (Fig. 4a) and Yersinia enteroco- 
litica (Fig. 4b). In each case,  the minor peak of  
activity proved to be sensitive to L-phenylalanine 
(DS-phe) (Table 1), while the major  peak of activity 
was inhibited by L-tyrosine (DS-tyr) (Table 2). 
When crude extracts  prepared f rom cultures of  Y. 
enterocolitica grown in the minimal medium supple- 
mented with acid-hydrolyzed casein were used for 
column chromatography,  again two peaks of  activ- 
ity were  recovered.  However ,  the leading peak of 

activity proved to be sensitive to inhibition only by 
L-tryptophan (15% and 27% by 0.I and 0.5 mM L- 
t ryptophan,  respectively),  while the second peak of  
activity (DS-phe) was inhibited by e-phenylalanine 
only (inhibition data not shown). Thus,  DS-tyr  was 
almost  completely  repressed,  and DS-trp was dere- 
pressed under  these growth conditions. The level of  
DS-phe was nearly unaffected. To demonst ra te  the 
presence of DS-trp in other enteric bacteria studied 
in this investigation, the organisms were grown in 
minimal medium supplemented with acid-hydro- 
lyzed casein. The sensitivity of  D A H P  synthase ac- 
tivity in crude extracts  prepared f rom these cultures 
to aromat ic  amino acids was studied, and the results 
are presented in Table 3. The data show that DS-trp 
was derepressed in each organism, as evidenced by 
the inhibition of D A H P  synthase activity in crude 
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Table 3. Inhibition of DAHP synthase activity" in the presence of aromatic amino acids 

% Inhibition b by 

Bacterial species Phe Tyr Trp Phe + Tyr Phe + Trp Tyr + Trp Phe + Tyr + Trp 

Citrobacter J?uendii 78 9 17 80 82 18 83 
Salmonella enteritidis 80 4 7 81 84 9 85 
Klebsiella pneumoniae 75 14 16 78 81 21 89 
Enterobacter aerogenes 13 85 7 92 14 87 95 
Enterobacter cloacae 53 19 16 66 66 24 8 I 
Enterobacter agglomerans 46 29 16 63 51 37 77 
Kluyvera as{orbata 60 35 11 82 63 39 87 
Hafnia alvei 50 6 25 51 67 26 68 
Edwardsiella tarda 8 1 38 9 46 38 46 
Yersinia enterocolitica 70 2 14 71 82 14 83 

" DAHP synthase activities were assayed in crude extracts prepared from cell cultures 
casein. 

The concentration of Phe, Tyr, or Trp alone or in various combinations was 0.5 raM. 

grown in the presence of acid-hydrolyzed 

extracts  by t ryptophan.  The D A H P  synthase ac- 
tivity in crude extracts  prepared from cell cul- 
tures grown in minimal medium showed no inhibi- 
tion by t ryptophan (data not shown). The results 
presented here, together with earlier observat ions  
[5, 12, 15], suggest that DS-trp consti tutes only a 
minor fraction of the total DAHP synthase activity 
in enteric bacteria grown in minimal medium. How- 
ever,  the enteric bacter ia  uniformly possess  a mech- 
anism for derepression of DS-trp in response to 
L-tryptophan starvation. The DS-trp i sozyme else- 
where within Superfamily B is not known to be un- 
der repression control [4]. None of the D A H P  syn- 
thase isozymes from any enteric organism were 
inhibited or act ivated by pathway intermediates 
such as chorismate,  prephenate,  or phenylpy-  
ruvate.  

Relative expression levels of DAHP synthase iso- 
zymes in enteric bacteria. In E. coli the three D A H P  
snthase isozymes are subject to differential repres- 
sion control [12]. The fractional contributions of  
each isozyme to total D A H P  synthase activity pre- 
sumably reflect the endogenous pool sizes of  each 
aromat ic  amino acid. In cultures of  E. coli grown in 
the minimal medium, DS-phe consti tutes the major  
port ion of total D A H P  synthase activity (denoted 
dominant  isozyme) [12], whereas DS-tyr  is the dom- 
inant i sozyme in S. typhimurium. DS-trp consti- 
tutes less than 1% of total activity in cultures of  E. 
coli [15] and S. typhimurium [10] grown in the mini- 
mal medium. The results obtained in the present  
study together with earlier observat ions  show that 
DS-tyr  is the dominant  i sozyme in most  of  the en- 

teric bacteria.  DS-tyr  was consistently much more 
repressible than DS-phe when both L-phenylalanine 
and L-tyrosine were present  in the growth medium 
in organisms that possessed DS-tyr  as the dominant  
isozyme (as illustrated by exper iments  carried out 
with E. cloacae and Y. enterocolitica). 

It should be noted here that P. aeruginosa (and 
other group I pseudomonads)  and Oceanospiri l lum 
species possess two non-repressible i sozymes of  
D A H P  synthase (DS-tyr and DS-trp), DS-tyr  being 
the major  i sozyme [4]. Thus,  the ubiquitous domi- 
nance of DS-tyr  may reflect the ancestral state. It 
may also be that after the generation of  the third 
D A H P  synthase isozyme (DS-phe), the pre-existing 
DS-tyr  and DS-trp i sozymes evolved mechanisms 
of repression control,  since the existence of repres-  
sion control for D A H P  synthase i sozymes appears  
to correlate with the existence of DS-phe [5]. 

Character states and phyiogenetic relationships. Fig- 
ure 5 illustrates most  of  the major  sublineages that 
comprise  the enteric bacter ia  and their close rela- 
tives in Superfamily B. The dendrogram shown in 
Fig. 5 is based upon the oligonucleotide cataloging 
results obtained by Woese  and co-workers  [18]. The 
bifunctional P-protein (chorismate mutase-P:pre-  
phenate  dehydratase)  is present  throughout  both 
Superfamily B and Superfamily A and exemplifies a 
character  state that existed in their common  ances- 
tor [1]. On the other  hand, the bifunctional T-pro- 
tein of  tyrosine biosynthesis  is present  only within 
the enteric lineage of  Superfamily B [5]. The 
Oceanospiril lum species possess  two regulatory 
i sozymes  of  D A H P  synthase (DS-tyr  and DS-trp).  
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Fig. 5. Phylogenetic distribution of the three regulatory isozymes of DAHP synthase within the enteric lineage of bacteria. The 
dendrogram is based upon oligonucleotide-cataloging data (numbers shown are SAj~ values) obtained by Woese and his coworkers. The 
next closest relatives of enteric bacteria, the Oceanospirilhlm species (as well as the remainder of Superfamily B), do not possess the 
phenylalanine-sensitive DAHP synthase isozyme and contain only two isozymes (DAHP synthase-tyr and DAHP synthase-trp). Of the 
three isozymes of DAHP synthase, the relative expression levels of these isozymes vary (as shown in the figure) from organism to 
organism grown in the minimal medium, though in no case was DAHP synthase-trp the dominant isozyme. The organisms shown in 
most cases represent a cluster of organisms. For example, E. coli also includes S. dysenteriae and C..fi',endii; S. typhimuri, m also 
includes S. enteritidis, E. cloacae, E. aerogenes, and E. agglomerans; S. marcescens also includes S. rnbidiae, E, herbicola, and E. 
arnylo•ora: Y. enterocolitica also includes H. alvei, P. vulgaris, E. tarda, K, ascorbata, and C. deuisae; and P. rnirabilis also includes 
M. morganii and P. alcalifaciens. 

DS-phe is the most recently evolved isozyme, being 
present only within the members of the enteric lin- 
eage. The results of the present study together with 
earlier observations [17] clearly indicate that DS- 
phe is another reliable indicator of the enteric lin- 

eage within Superfamily B. Since all genera be- 
longing to the enteric bacteria, A e r o m o n a s  and Al-  
t e r o m o n a s  possess DS-phe, the earlier conclusion 
that this isozyme evolved in the common ancestor 
of the enteric lineage after divergence of the 
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Oceanospirillum lineage is further supported. The 
relative expression levels of the DAHP synthase 
isozymes can also be followed in the major sub- 
lineages. Thus, DS-phe is the dominant isozyme in 
the sublineage leading to E. coli/S, dysenteriae/C. 
fruendii and P. mirabilis/P, alcalifaciens/M. 
morganii, whereas DS-tyr is the major isozyme in 
most other major sublineages. These sublineages 
are arranged as shown on the basis of shared char- 
acter states of aromatic biosynthesis as presented in 
references [2] and [3] (and Ahmad, unpublished 
data). 

C o n c l u s i o n s  

The DS-phe isozyme evolved in the common ances- 
tor of the enteric lineage after divergence from an 
ancestor possessing the DS-tyr and DS-trp isozy- 
mes. DS-phe is a stable character state that is uni- 
formily distributed throughout the enteric bacteria. 
Thus, all members of enteric bacteria possess three 
regulatory isozymes of DAHP synthase, each regu- 
lated by one aromatic amino acid. In cultures grown 
in the minimal medium, DS-trp is expressed at very 
low levels and is easily overlooked. DS-tyr is the 
major (dominant) isozyme in all major sublineages 
except in the sublineage leading to E. coli/S, dysen- 
teriae/C, fruendii and P. mirabilis/M, morganii/P. 
alcalifaciens. 
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