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Separation of Anthranilate Synthetase Components I and 
I I of Escherichia coli, Salmonella pphimurium, and Serratia 
marcescens and Determination of Their Amino-Terminal 
Sequences by Automatic Edman Degradation? 

Shoei-Lung Li, Joan Hanlon, and Charles Yanofsky* 

ABSTRACT : Amino-terminal sequences are presented for poly- 
peptide components I and I1 of the anthranilate synthetase of 
Escherichia coli, Salmonella typhimurium, and Serratia 
marcescens. The respective amino-terminal sequences are 
homologous in all three species despite the fact that component 
I1 of E .  coli and S.  typhirnurium is three times as large as 

A nthranilate synthetase (ASase)' catalyzes the initial re- 
action unique to tryptophan biosynthesis: chorismate + L- 

glutamine -+ anthranilate + L-glutamate + pyruvate (Zalkin, 
1973). In all bacterial species studied to date ASase exists as 
an enzyme complex containing two nonidentical polypeptide 
chains (Zalkin, 1973) designated components I and I1 (It0 
and Yanofsky, 1966). Two general types of ASase complex 
have been observed in bacteria. One type also catalyzes the 
second or anthranilate 5-phosphoribosylpyrophosphate phos- 
phoribosyltransferase (PRTase) reaction of tryptophan bio- 
synthesis: anthranilate + 5-phosphoribosyl-1-pyrophosphate 
+ 5-phosphoribosylanthranilate + pyrophosphate. Such 
complexes, present in Escherichia coli (Ito and Yanofsky, 
1966, 1969; Ito et al., 1969), Salmonella typhimurium (Bauerle 
and Margolin, 1966; Henderson et al., 1970a,b; Nagano and 
Zalkin, 1970; Hwang and Zalkin, 1971; Henderson and Zal- 
kin, 1971), and Aerobacter aerogenes (Egan and Gibson, 
1966), are composed of polypeptides of similar size. The 
second type of ASase complex, present in Serratia marcescens 
(Robb and Belser, 1972; Zalkin and Hwang, 1971 ; Robb et ai., 
1971), Bacillus subtilis (Kane and Jensen, 1970; Kane et al., 
1972), Acinetobacter calcoaceticus (Sawula and Crawford, 
1972, 1973), Chromobacterium ciolaceuni (Wegman and 
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component I1 of S. marcescens, ca. 60,000-65,000 cs. ca. 
21,000 and that component I1 of the former species catalyzes 
the second or anthranilate phosphoribosyltransferase reaction 
of tryptophan biosynthesis while component I1 of S. mar- 
cescens does not. 

Crawford, 1968), and various Pseudomonas species (Queener 
and Gunsalus, 1970; Queener et al., 1973) does not have 
PRTase activity and consists of two polypeptides of very 
different sizes. Component I of both types of complex can 
convert chorismate to anthranilate in the absence of compo- 
nent I1 when L-glutamine is replaced by ammonia as amino 
donor, ;.e., component I1 provides the glutamine amido- 
transferase function which allows glutamine to serve as the 
amino source in anthranilate formation. In E .  coli and or- 
ganisms with a similar ASase complex, component I1 also 
provides the PRTase activity of the complex. Genetic and 
biochemical studies have shown that the amino-terminal 
third of component I1 of E .  coli (Yanofsky et al., 1971) and 
S .  typhimurium (Hwang and Zalkin, 1971; Grieshaber and 
Baurele, 1972) provides the glutamine amidotransferase func- 
tion while the carboxyl-terminal two-thirds of the polypeptide 
is sufficient to perform the PRTase reaction (Jackson and 
Yanofsky, 1974). Component I1 of these organisms has a 
mol wt of 60,000-65,000 (Ito et al., 1969; Henderson and 
Zalkin, 1971). By contrast component 11's of S. marcescens 
and organisms with the second type of ASase have molecular 
weights of 14,000-21,000 (Kane and Jensen, 1970; Queener 
and Gunsalus, 1970; Zalkin and Hwang, 1971; Robb and 
Belser, 1972; Queener et al., 1973; Sawula and Crawford, 
1973) and lack PRTase activity. In view of the differences 
between the ASase complexes of the bacterial species men- 
tioned, it was of interest to examine the primary structures of 
the respective components for evidence of homology. In this 
paper we describe the isolation and separation of ASase 
components I and I1 of E. coli, S. typhimurium, and S .  
niarcescens and amino-terminal sequence determinations by 
automatic Edman degradation. A preliminary report of the 



A N T H R A N I L A T E  S Y N T H E T A S E S  

component I1 sequences will appear elsewhere (Li et al., 
1974). 

Experimental Procedures 

Growth of' Bacteria. Cultures (100 1.) of E. coli strain 
trpA2/Col VB trpA2, S .  typhimurium strain St-13, or S. 
marcescens strain SM6-trpA3 were grown in single strength 
minimal medium (Vogel and Bonner, 1956) containing 3.5 pg 
of indole/ml, 0.01 % acid-hydrolyzed casein, and 0.5 % glucose 
in a New Brunswick Scientific Co. Fermacel until the indole 
was exhausted and the cells were derepressed. The cells were 
collected by centrifugation in a Sharples centrifuge and sus- 
pended by blending in 1.5 vol of buffer containing 0.05 M 
potassium phosphate (pH 7.3,  0.1 mM EDTA, 0.1 mM dithio- 
threitol, 0.05 mM L-tryptophan, and 2 0 x  glycerol by volume 
(buffer A). The cells were disrupted in a Manton-Gaulin 
homogenizer. The suspension was centrifuged for 90 min at 
30,000g in a Sorvall RC2B centrifuge and the clarified extract 
was retained. 

Protein Purification. ANTHRANILATE SYNTHETASE OF E. coli. 
The procedure employed is based on those of Hwang and 
Zalkin (1971) and Ito et al. (1969). AI1 steps were performed 
at 4". 

Step 1. The protein concentration of the cell extract was 
determined (Lowry et al., 1951) and adjusted to 15-20 mg/ml 
with buffer A. A 2 solution of protamine sulfate in buffer A 
was added to give a final concentration of 0.17 mg of prota- 
mine sulfate/mg of extract protein. The mixture was stirred 
for 10 min and the precipitate removed by centrifugation for 
15 min at 30,OOOg. 

Step 2. Solid ammonium sulfate was added (25.3 g/l00 ml 
of supernatant) and the mixture stirred for 40 min. The pre- 
cipitate was collected by centrifugation for 40 min at 30,OOOg. 

Step 3. The precipitate from step 2 was resuspended in 0.1 
M potassium phosphate (pH 7.4) containing 0.1 mM dithio- 
threitol and 1 mM MgC12 at a protein concentration of 25-30 
mg/ml. A lipase solution (25 mg/ml) in the same buffer was 
added to the extract to give a final concentration of 0.1 mg of 
lipase/mg of protein. (The proteolytic activity of the crude 
lipase preparation is responsible for the action on the an- 
thranilate synthetase complex (Hwang and Zalkin, 1971).) 
The mixture was incubated for 30 min at 37". The small 
precipitate which formed was removed by centrifugation. 
Glycerol was added to 15% by volume, and the preparation 
frozen for convenience. 

Step 4. If the volume of the thawed preparation was greater 
than 120 ml, the protein was concentrated by precipitation 
with ammonium sulfate (33 g/100 ml). The protein solution 
was dialyzed for a minimum of 2 hr against 0.05 M potassium 
phosphate (pH 7.0), O.l,mM dithiothreitol, 0.1 mM EDTA, and 
15% by volume glycerol (buffer B) and applied to a 7 x 50 
cm column of Bio-Rad P-100 equilibrated and run with the 
same buffer. The column fractions were assayed and the active 
fractions pooled and precipitated with ammonium sulfate 
(33 g/l00 ml), and the precipitate dissolved in the minimal 
volume of buffer B. 

Step 5 .  The final fraction from step 4 was dialyzed against 
buffer B for 6 hr with three changes (1-1. volumes). The 
dialyzed sample of up to 40 ml was loaded onto a DEAE- 
cellulose column (2.3 x 120 cm) equilibrated with buffer B, 
and was eluted with a 1-1. linear gradient from 0.1 to 0.5 M 

KC1 in buffer B. High specific activity fractions were pooled 
and precipitated with ammonium sulfate (33 g/100 ml), and 
the precipitate collected by centrifugation. The precipitate 

was dissolved in 0.05 M potassium phosphate (pH 7.0), 0.1 
mM dithiothreitol, 0.1 m EDTA, and 10% glycerol by volume 
and applied to and eluted from an Agarose column (2.8 x 100 
cm, Bio-Rad 1.5 m) equilibrated with the same buffer. High 
specific activity fractions were pooled and precipitated with 
ammonium sulfate (33 g/100 ml) and the precipitate collected 
by centrifugation. The precipitate was dissolved in 0.01 N 

Step 6. The final fraction from step 5 was dialyzed overnight 
against 0.01 N NH40H,  and 99% formic acid was added to 
the sample to 3 0 x  by volume. The sample containing ca. 50 
mg in 4 ml was applied to a Sephadex G-100 column (2.2 x 
45 cm) equilibrated and eluted with 30% formic acid contain- 
ing 1 mM @-mercaptoethanol. Absorbance was measured at 
280 nm and selected fractions were taken for examination by 
gel electrophoresis. 

ANTHRANILATE SYNTHETASE OF S .  typhimurium. Purification 
was performed exactly as with E.  coli extracts except that 
protamine sulfate addition at step 1 was omitted. 

ANTHRANILATE SYNTHETASE OF S.  marcescens. Steps 1-5 
were performed as described above except that the lipase 
treatment in step 3 was omitted. The final fraction from step 
5 was dialyzed overnight against 0.01 N NH40H and ly- 
ophilized. The protein was treated with 4-vinylpyridine and 
dialyzed against 0.01 M acetic acid as described (Friedman 
et al.,  1970; Hermodsen et al., 1972). The sample was Iy- 
ophilized and the powder dissolved in 60% formic acid con- 
taining 1 mM @-mercaptoethanol. The sample (20 mg in 3 ml) 
was loaded onto a column of Sephadex G-100 (2.2 x 45 cm) 
equilibrated and run with 6 0 x  formic acid containing 1 mM 
@-mercaptoethanol. Absorbance of fractions was measured at 
280 nm and selected fractions were examined for purity by gel 
electrophoresis. 

Gel Electrophoresis. Polyacrylamide gel electrophoresis in 
sodium dodecyl sulfate was performed as described (Weber 
and Osborn, 1969). The reference proteins used were sperm 
whale apomyoglobin (mol wt 17,199) and the tryptophan 
synthetase (TSase) (Y chain of E.  coli (mol wt 28,722). Gels 
were stained with Coomassie Brilliant Blue, destained, and 
scanned with a densitometer at a wavelength of 600 nm. 

Automatic Edman Degradation. Edman degradations were 
performed automatically using a Beckman Sequencer Model 
890 with either the regular or the "undercut" reaction cup 
(Edman and Begg, 1967). The coupling buffer was either 1 M 
Quadrol or N,N-dimethylallylamine, and acid cleavage was 
performed once or twice. The programs used in sequence 
determinations have the following Beckman designations: 
Regular Quadrol D-X10, Fast Quadrol 072172, Regular 
N,N-dimethylallylamine 032671, and Fast N,N-dimethylallyl- 
amine 090872. Nitrogen flush was employed at fine vacuum 
steps. The proteins were prepared for sequence analysis by 
dialysis overnight against 1 mM N H 4 0 H  and then for 6-8 hr 
against deionized water, and lyophilized. Cysteine and cystine 
residues of the proteins were occasionally oxidized with per- 
formic acid (Hirs, 1956) or reduced and allowed to react with 
4-vinylpyridine (Friedman et al., 1970; Hermodsen et al., 
1972). A lyophilized sample of native or modified protein was 
transferred into the reaction cup, and a small amount of 
HFBA was delivered to dissolve the protein. The sample was 
distributed on the wall of the spinning cup at low speed and 
dried through restricted vacuum, rough vacuum, nitrogen 
flush, and fine vacuum steps. In order to remove all the HFBA 
from the delivery tube, protein film, and reaction chamber, the 
protein was extracted with butyl chloride and then dried 
under fine vacuum for several hours before starting the auto- 
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TABLE I :  Procedures Employed in the Identification of PhNCS Amino Acids. 
__________ 

Gas-Liquid Chromatography 
~ 

SP 40Oc Silylation AA Anal. 121d 
_ _ _  - 

>PhNCSa None On Column Off Column CFCc HC1 HI TIC 

A 
V 
M 
F 
Y 
W 
L 
I 
S 
G 
T 
P 
D 
N 
E 
Q 
(K)’ 
- 

- 

- 

A 
V 
M 
F 
Y 
W 
L 
I 
S 
G 
T 
P 
D 
N 
E 
Q 
K 
- 
- 

- 

A 
V 
M 
F 
Y 

L L 
I I 

- 

- 
G 

P 
DN 
DN 

- 

EQ 
EQ 
K 
H 
R 
C 

A 
V 

F 
Y 
W* Q 
L 
I 
S*O 
G 
T* Q 
P 
DN 
DN 
EQ 
EQ 

- 

K 
H 
R 
C 

T 
P 
D 
N 
E 
Q 

The single and three letter abbreviations for the amino acids are those of Dayhoff (1972). Only those PhNCS amino acids 
extracted with ethyl acetate following conversion were analyzed by gas-liquid chromatography. SP400 and CFC are the sup- 
ports present in the column employed in gas-liquid chromatography. 121 indicates amino acid analysis of HCI- or HI-hy- 
drolyzed PhNCS derivatives using a Beckman Model 121 analyzer. e Where a PhNCS derivative was identified unambiguously by a 
particular procedure, the single letter abbreviation is listed. Where we could not distinguish between two PhNCS amino acids 
the single letter abbreviations of both are given. A dash (-) indicates that the sample was analyzed but no PhNCS derivative 
was detected. If there is no letter or dash the analysis was not performed. (N), (Q), and (K) indicate that identification of 
Asn-, Gln-, or Lys>PhNCS was difficult because of low yields. After HI hydrolysis Ser- and Thr>PhNCS were identified as 
alanine and a-aminobutyric acid, respectively, and Trp>PhNCS was recovered as glycine and alanine (Smithies et a/., 1971). 

matic program. This was extremely important when N,N- 
dimethylallylamine buffer was used. The above procedure is 
essentially the sample preroutine program recommended by 
Beckman Instruments. It was our experience that the fast 
Quadrol program with the “undercut” reaction cup gave re- 
sults comparable to those obtained with the regular Quadrol 
program. For example, 50 residues of the TSase a chain (mol 
wt 29,000) and 60 residues of ASase component I1 (mol wt 
-23,000) were routinely sequenced using either program. 
Background levels of PhNCS amino acids, presumably due to 
nonspecific cleavage, were proportional to the size of the pro- 
tein being degraded. (The background level is one of major 
factors which limits the number of residues which can be se- 
quenced.) Only 25 residues could be identified in sequence 
analyses with ASase component I, a protein with a mol wt of 
about 62,000. With this and other large proteins the N,N- 
dimethylallylamine single cleavage program gave better re- 
sults than did the regular Quadrol double cleavage program. 
Single cleavage probably results in less nonspecific cleavage 
thereby reducing the background. In addition, the N,N-di- 
methylallylamine program does not contain an ethyl acetate 
wash; thus, complications caused by separation of the pro- 
tein film from the wall of the reaction cup and by Quadrol re- 
tention are avoided. However, when N,N-dimethylallylamine 
buffer is used histidine residues present difficulties because the 
histidinyl bond is very unstable in N,N-dimethylallylamine 
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buffer and partial cleavage of the polypeptide chain is ob- 
served one step earlier than expected (Thomsen et a/., 1972; 
Li and Yanofsky, 1973a). Substitution of cysteine and cys- 
tine residues with 4-vinylpyridine (Friedman et u/ , ,  1970; 
Hermodsen et a / . ,  1972) increased the solubility of the protein 
sample in the coupling buffers (Quadrol and N,N-dimethyl- 
allylamine) and the cleavage acid, resulting in better adhesion 
of the protein to the wall of the reaction cup. The Quadrol 
program could then be used successfully with large proteins. 

Identification of PhNCS Amino Acids. Conversion of the 
thiazolinones to phenylthiohydantoins (PhNCS) and their 
subsequent extraction were carried out as described by Edman 
and Begg (1967). Most of the silylated and nonsilylated 
PhNCS derivatives were identified by gas-liquid chromatog- 
raphy using a Beckman GC-45 and/or a Hewlett-Packard 
Model 7610 equipped with an automatic sample injection 
system. The procedures employed were essentially those of 
Pisano and Bronzert (1969). The glass columns (2 mm i.d. X 
4 ft) were filled with 10% SP400. A temperature shift from 160 
to 280” was programmed, either linearly for the GC-45 or 
stepwise for the H-P 7610. One aliquot (475) was injected onto 
a SP400 column without silylation. Another aliquot was sil- 
ylated either “on column” (475) (Li and Yanofsky, 1972) or 
“off column” (2073 (Hermodsen et ul., 1972) and suitable 
fractions injected. These procedures allowed the identification 
of most of the PhNCS derivatives. Figure 1 shows the relative 
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TABLE 1 1 :  Sequential Edman Degradation of Anthranilate Synthetase Component I of E.  coli, S. typhimurium, and S. marcescens. 

E. colia S. typhimuriuma S. marcescensa 

SP400 
Deduced 

SP400 
Deduced SP400 121 

Step Deduced 
No. Residue - S b  + S b  HC1 HI TIC Residue - S b  + S b  121 HI Residue - S b  + S b  121 HI  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

Met 
Gln 
Thr 
Gln 
LYS 
Pro 
Thr 
Leu 
Glu 
Leu 
Leu 
Thr 
Ser 
Glu 

Ala 
G ~ Y  

TYr 
Arg 
ASP 
Asn 
Pro 
Thr 
Ala 
Leu 
Phe 

M M - 
- Q E 
PT' T T*d 
- Q E 
- K K 
PT P P P  
PT T - T* 
LIC L L L 
- E E 
LI L L 
LI  L L 
PT T - T* 
S s - S * d  

- E E E  
G G G 
A A A A  
Y Y Y Y  
- - R R  

D D 
- N D 
PT P P P  
PT T T* 
A A A 
LI L L 
F F F 

- 

Met 
Gln 

T Thr 
Pro 
LYS 

P Pro 
T Thr 

Leu 
Glu 
Leu 
Leu 

T Thr 
S Ser 

ASP 
Ala 
Ala 
TYr 
Arg 
Glu 
Asn 
Pro 
Thr 
Ala 
Leu 
Phe 

M M 

PT T T* 
PT P P  
- K K  

PT P P  
PT T T* 
LI  L 

E 
LI L 
LI  L 
PT T T* 
S s s* 
- D D  
A A 
A A 
Y Y 
- - R  
- E E  
- N D  
PT P P  
PT T T* 
A A A  
LI L L  
F F 

Q - 

- 

Met M 
Asn - 
Thr PT 
Lys - 

Pro PT 
His - 

Leu LI 
Thr PT 
Leu LI 
Leu LI 
Lys - 

Val V 
Gln - 
Ala A 
Ser S 
Tyr Y 
Arg - 
Gly G 
Asn - 
Pro PT 
Thr PT 
Thr PT 
Leu LI 
Phe F 
His - 

M -  
N D  
T T* 
K K  
P P  
- H  
L L  
T T* 
L L  
L L  
K K  
v v  
Q E  
A A  
s s* 
Y Y  
- R  
G G  
N D  
P P  
T T* 
T T* 
L L  
F F  
- H  

______ 
a For an explanation of other abbreviations see the legend to Table I. The E. coli summary represents data from seven degrada- 

tion runs. Five were performed with the regular Quadrol program and two were performed with the fast N,N-dimethylallylamine 
program. The S. ryphimurium data were obtained in a single degradation run with the fast N,N-dimethylallylamine program. 
The S. marcescens data were obtained in two runs, one with the fast N,N-dimethylallylamine program and the other with the 
fast Quadrol program. PT 
and LI indicate coelution of the unsilylated PhNCS derivatives of proline and threonine and leucine and isoleucine, respectively. 

f S  and -S indicate the analyses of silylated and unsilylated PhNCS derivatives, respectively. 

S* and T* indicate that Ser- and Thr->PhNCS were identified as alanine and a-aminobutyric acid after HI  hydrolysis. 

retention times of silylated and nonsilylated PhNCS deriva- 
tives on SP400 columns in the Beckman GC-45. The yield of 
PhNCS derivatives was estimated by comparing either the 
peak heights or the peak areas with those of standard PhNCS 
amino acids. 

The remainder of the ethyl acetate solution of each sample 
and the aqueous layer from each step were hydrolyzed sep- 
arately with either 5.7 N HCI (Li and Yanofsky, 1972) or 56z 
HI (Smithies et ul., 1971) in evacuated sealed tubes a t  130" in a 
"Temp-Block" heater for 20 hr. Hydrolysis tubes were 
cracked, and samples dried in a vacuum dessicator over 
NaOH pellets. Free amino acids were analyzed with a Beck- 
man Model 121 automatic analyzer. 

As an aid to others engaged in automatic sequence analyses 
we have summarized our experiences with the various iden- 
tification procedures for PhNCS amino acids (Table I). Ala-, 
Val-, Met-, Phe-, Tyr-, Trp-, Leu-, and Ile>PhNCS could be 
unequivocally identified by gas chromatography. Ser>PhNCS 
was difficult to detect by gas chromatography because of its in- 
stability and the appearance of multiple silylated peaks. Iden- 
tification of Ser>PhNCS was straightforward by amino acid 
analysis following conversion to alanine by HI hydrolysis 
(Smithies et al., 1971). Gly>PhNCS generally could be iden- 
tified by gas chromatography. It was silylated poorly if at all 

a J  

minutes 

FIGURE 1 : Relative retention times of silylated and unsilylated 
PhNCS amino acid derivatives. Glass columns (4 ft  X 2 mm id.) 
of a Beckman GC-45 were filled with 10% SP400. The column 
temperature was programmed as indicated in the figure: 160" for 
2 min, linear increase of 120" in 6 min, held at 280" for 6 min. 
The temperatures at the inlet, detector line, and detector were 
280, 300, and 310", respectively; make-up gas flows of He, H2, 
and air were 50, 60, and 300 cm3/min, respectively, and the carrier 
He flow was 70 cm3/min. The position of some unsilylated PhNCS 
derivatives (Asn-, Gln-, and His>PhNCS) are not indicated in the 
figure because of the low yields generally obtained. Only those 
PhNCS amino acids which have different retention times following 
"off column silylation" are given for off column silylation. 
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SCHEME I1 

0 

7 

I 
8 a , X = H  
b , X = I  

0 

I 
9 

[’“J]-4 + 2 

estrol by the iodide-chloramine T method gave the i sua l  
mixture of iodinated derivatives. Up to 40% of [3H]monoio- 
dohexestrol ( [3H]-2) with radiochemical purity in excess of 
95% and smaller amounts of the 3H-labeled derivatives 3-6 
could be obtained from this reaction by liquid chromatogra- 
phy. Radiochemical purity of [3H]-2 was again established 
by cocrystallization and TLC. 

Ultraviolet Spectra of Iodinated p-Cresol and Hexestrol 
Derivatives. The ultraviolet spectra of hexestrol and the io- 
dohexestrol derivatives 2-6, showing the B-band region, are 
given in Figure 3. The relationship between structure and 
spectral appearance can be appreciated by considering first 
the spectra of p-cresol (A), 2-iodo-p-cresol (B), and 2,6-di- 
iodo-p-cresol (C), which illustrate the absorbance of the 
parent chromophores. Successive iodine substitution causes 
changes consistent with the introduction of electron donat- 
ing substituents onto the p-cresol chromophore (Pasto and 
Johnson, 1969). The A,,, of the B band shifts to longer 
wavelengths, and a shoulder on the long wavelength side be- 
comes more prominent, developing into a second maxima in 
C; intensification and bathochromic shifts in the E-band re- 
gion (ca. 200 nm) causes a bathochromic shift and an eleva- 
tion of the trough with region 240-260 nm. Furthermore, a 
long wavelength tail develops, especially in C, where it ex- 
tends to 340-350 nm. The spectra of the compounds 1-6 
can be considered simply as combinations of the chromo- 
phore types A, B, and C. 

The Solution Photochemistry of I-Hex and Izu-Hex. A 
series of studies by Wolf and Kharash (1965) established 
that the photolysis of o-iodophenols at  254 nm resulted in 
deiodination, as evidenced by the production of free iodine 
and the formation of products resulting from reaction with 
solvent, reduction in alcohols, and phenylation in benzene. 
These reactions are presumed to be initiated by a photoho- 
molytic scission of the carbon-iodine bond. 

We have investigated the photochemistry of I-Hex (2) 
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A p - C r m l  
B 2-I&-p-cresol 
C 2,6-Dii&-p-cresol 

240 260 280 m 3.a  340 360 
nm 

6 

5 

4 
R 

9 
x 3  
w 

2 

1 
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FIGURE 3: Ultraviolet spectra of iodinated hexestrols and p-cresols. 
The ultraviolet spectra of p-cresol (A), 2-iodo-p-cresol (B),  2,6-diiodo- 
p-cresol (C), and the hexestrols (1-6) were measured in 95% ethanol 
at 50-200 pM. 

and Izu-Hex (4), being illustrative of the reaction of chro- 
mophores B and C, in methanol and benzene at  254 and 
>315 nm (Scheme 111). Irradiation of Izu-Hex at  254 nm in 
methanol causes rapid reduction to I-Hex; further reduction 
to Hex proceeded more slowly, as expected on the basis of 
the relative molar absorptivities of Izu-Hex and I-Hex a t  
254 nm (cf. Figure 3). Irradiation at  >315 nm permitted 
selective conversion of Izu-Hex into I-Hex, without signifi- 
cant further reduction. Up  to 30% of phenylhexestrol (10) 
could be isolated (as the dibenzoate) upon irradiation of I- 
Hex in benzene at 254 nm. 

The Photoreactivity of Iodinated Hexestrols with the 
Estrogen Binding Protein f rom Rat  Uterus. We have re- 
cently described a general method for detecting photolytic 
reactions of chromophoric ligands bound to the estrogen 
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FOOTNOTES TO TABLE 111 

a For an explanation of the other abbreviations see the legends to Tables I and 11. The E. coli summary represents data from 
four runs, one with the regular Quadrol program, two with the fast N,N-dimethylallylamine program, and one with the fast 
Quadrol program. The data for S.  typhimurium and S.  marcescem were from single runs with the fast Quadrol program. W* 
indicates that Trp>PhNCS was recovered as glycine and alanine after HI hydrolysis. ‘ No amino acid could be identified. 

by “on column’’ silylation and appeared between &Tho  
PhNCS and &Ser>PbNCS. Following “off column” silylation 
most of the Gly>PhNCS was silylated and appeared at the 
position of nonsilylated Pro>PbNCS. Gly>PhNCS was posi- 
tively identified as free glycine following acid hydrolysis. 
Thr>PhNCS and Pro>PhNCS elute at the same position on 
SP400. Following “on column” silylation multiple peaks of 
Thr>PhNCS were observed while Pro>PhNCS was not 
silylated. Following “off column” silylation, silylated Pro> 
PhNCS appeared between silylated Glu>PhNCS and Phe> 

Io w ab i o  i o  
fraction no. 

f“on no. 

FIGURE 2: Separation of anthranilate synthetase components on 
Sephadex G-IM). Samples were eluted with 30 or 60x formic acid, 
containing 8-mercaptoethanol as described under Experimental 
Procedures. The sodium dodecyl sulfate gel patterns of selected 
fractions are indicated in the inset (run from top to bottom as 
pictured: (A) separation of the component I and component I1 
fragments of lipase-treated ASase of E. coli (54 mg loaded in 4 ml); 
(E) separation of the component I and component I1 fragments of 
lipase-treated ASase of S. ryphimurium (20 mg loaded in 3 ml); 
(0 separation of vinylpyridine-treated ASase components I and 
II of S. morcescens(50 mg loaded in 4 ml). 

PhNCS. Thr>PhNCS was positively identified by conversion 
to n-aminobutyric acid by HI hydrolysis. The addition of 
thiols to the chlorobutane increased the recovery of Ser> 
PhNCS and Thr>PhNCS. In our experience dithioerythritol 
(15 mg/l.) was superior to ethanethiol, 1,4-butanedithiol, or (3- 
mercaptoethyl ether. HI hydrolysis of PhNCS derivatives for 
20 hr at 130” gave the highest yields of alanine and a-amino- 
butyric acid from Ser>PhNCS and Thr>PhNCS, respectively, 
although the yield from some PhNCS amino acids such as 
VabPhNCS was relatively low. Asp>PhNCS, >AsnPhNCS, 
Glu>PhNCS, and Gln>PhNCS were readily identified when 
silylated. However, since Asp>PhNCS and Glu>PhNCS 
were formed from their amides during the conversion step 
(we observed about 50% deamination when the conversion 
was carried out at 80” for 10 min) it was essential that the pres- 
ence of the amides be excluded in distinguishing between 
acid and amide. The extent of deamination was reduced a p .  
preciably if conversion was performed at 80” for 3 min (Dr. 
Jack Ohms, personal communication). Also, as SP400 col- 

FIGURE 3: Sodium dodecyl sulfate gel electrophoresis of ASase com- 
ponent I and component I1 fragments from various sources. Elec- 
trophoretic gel patterns and densitometer tracing are presented. 
Electrophoresis was from left to right as pictured. The slowest 
moving (left-most) band is the TSase a chain of E. coli with a mol 
wt of 28,122, and the fastest moving (right-most) band is sperm 
whale apomyoglobin, with a mol wt of 17,199. The middle bands 
are the three different ASase component Il’s as indicated. The gels 
were scanned at a densitometer wavelength of 600 nm. Source of 
component I1 or component 11 fragment: (a) E. coli; (b) S. mar- 
eeseens; (c) S. fyphimurium. 
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1 5 10 15 16 20 25 
E. coli Met-Gln-Thr-Gln-Lys-Pro-Thr-Leu-Glu-Leu-Leu-Thr-Ser-Glu-Gly-Ala-Tyr-Arg-Asp-Asn-Pro-Thr-Ala-Le~-P~e~x 

S. marcescens - Asn - A - - His - Thr - - Lys ValGln Ala-Ser - - Gly - - - Thr - - His 
1 5 10 15  20 2s 

FIGURE 4: Comparison of amino acid sequences of ASase component I of E. coli, S. typhimurium, and S. nzarcesceiis. A residue 
which differs from that of E. coli is given, while identity to an E. coli residue is indicated by a dash (-). A A signifies the deletion of an 
amino acid. X indicates that no attempt was made to identify this residue. 

S. typhimurium - - - Pro - - - - - - - - - Asp Ala- - - - Glu - - - - - - x 

5 10 15 20 
E. coli Ala-Asp-Ile-Leu-Leu-Leu-Asp-Asn-Ile-Asp-Ser- Phe-Thr-Tyr-Asn-Leu-Ala-Asp-Gln-Leu- 

S. marcescens - - - - - - - 

25 30 35 40 
E. coli Arg-Ser-Asn-Gly-His-Asn-Val-Val-Ile-Tyr-Arg-Asn-His-Ile-Pro-Ala-Gln-Thr-Leu-Ile- 

S. inarcescetis - Ala Ser - - Gln - - - - - - Gln - Gly - - Val Ile - 

E. coli Glu-Arg-Le~-Ala-Thr-Met-Ser-Asn-Pro-Val-Leu-Met-Leu-Ser-Pro-Gly-Pro-Gly-Val-Pro-Ala- 

- Ala - Val 

S .  typhimurium - - - - - - - - - - - - - Trp - - - - - - 

- Val - - - - Val- - - - - - 

S, typllimurium - Thr _. - - - - - - - - - - - - - - - - - 

45 50 55 60 

S .  typhimurium Asp - - - - - ? - - - - - x x x x x x x x x  
S. marcescetis - - - GlnGln - ’! Gln - - - - - - - - - 

FIGURE 5: Comparison of amino acid sequences of ASase component 11 of E. coli, S. typhimurium. and S. mrrrceseuJ. Automatic 
Edman degradation of the ASase component I1 fragment of S. typliimrrrirrm was programmed for 52 cycles only, while 61 residues 
were analyzed with the proteins of E. coli and S. marcescens. A question mark indicates that no amino acid could be identified 
(see residue no. 47 in the sequences of S. typhimurium and S. marcescens). For an explanation of other symbols see the legend to 
Figure 4. 

umns age, recoveries of the PhNCS amides are reduced. 
Lys>PhNCS could be detected following “off column” 
silylation, or by hydrolysis and amino acid analysis. Lys> 
PhNCS was occasionally found in the aqueous layer rather 
than the ethyl acetate layer following conversion and extrac- 
tion. His>PhNCS, Arg>PhNCS, and PhNCS cysteic acids 
were present in the aqueous layer following extraction; the 
corresponding amino acids were identified following acid 
hydrolysis. As indicated in Table I, thin layer chromatog- 
raphy (tlc) was used occasionally to confirm the identifica- 
tion of certain PhNCS amino acids. More extensive dis- 
cussions of these and other procedures for the identification of 
PhNCS amino acids are presented elsewhere (Edman and 
Begg, 1967; Pisano and Bronzert, 1969; Edman, 1970; 
Smithies et al., 1971; Hermodsen et al., 1972; Li and Yan- 
ofsky, 1972; Hoodetal.,  1973). 

Chemicals. All reagents and solvents for the Sequencer and 
the “10 Z’’ SP400 support for gas-liquid chromatography 
were purchased from Beckman Instruments. (The 2/3 CFC 
support was kindly provided by Dr. J. Pisano of the National 
Institutes of Health.) 4-Vinylpyridine was a gift from the 
Riley Tar Co. N,O-Bis(trimethylsily1)acetamide was pur- 
chased from Pierce Chemical Co. Hydriodic acid (56.3 % HI;  
preservative hypophosphoric acid) was from Fisher Chemical. 
Porcine pancreatic lipase (B grade) was from Calbiochem. 

Results 

Protein Purification and Subunit Separation. The purifica- 
tion procedures described under Experimental Procedures 
yielded highly purified proteins which showed two major 
bands following sodium dodecyl sulfate gel electrophoresis. 
The elution profiles obtained following separation of the sub- 
units on Sephadex G-100 and the corresponding gel patterns 
of selected fractions are shown in Figure 2. Peak fractions 
from G-100 columns were combined and prepared for se- 
quence analyses. Single PhNCS amino acids were released at 
each of the first few steps of Edman degradation attesting to  
the purity of the protein fractions. 

Molecular Weight Estimation. The molecular weights of 
ASase component I of each of the three species was roughly 
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estimated at 60,000-65,000, in agreement with the results of 
other studies (Ito et al., 1969; Hwang and Zalkin, 1971; 
Zalkin and Hwang, 1971). The molecular weights of com- 
ponent I1 of S. marcescens and the component I1 fragments of 
E. coli and S.  typhimurium were carefully determined with 
sperm whale apomyoblobin and E. coli TSase cy chain as in- 
ternal reference proteins. Figure 3 presents photographs and 
densitometer tracings of the protein bands observed following 
sodium dodecyl sulfate gel electrophoresis. Molecular weights 
of 23,000 and 23,100, respectively, were calculated for the 
component I1 fragments of E. coli and S. tj’phimuriuni. The 
molecular weight of component I1 of S. marcescens was esti- 
mated at 21,400. Previous estimates for the component I1 of 
S. marcescens and the component I1 fragment of S. typhi- 
murium were 21,000 (Zalkin and Hwang, 1971) and 24,000 
(Grieshaber and Bauerle, 1972), respectively. 

Amino-Terminal Sequences oj ASase Components I and II. 
The results obtained in sequence analyses with ASase compo- 
nent I of each of the three species are summarized in Table 11, 
and those obtained with component I1 of S. inarcescens and 
component I1 fragments of E. coli and S.  typhimuriuni are 
presented in Table 111. To determine whether the amino- 
terminal sequences of the component I and component I1 
fragments of E. coli represent the sequences of the intact 
polypeptides, 15 steps of Edman degradation were performed 
with the purified ASase component I-component I1 complex 
of this organism, The sequences obtained (data not presented) 
were identical with the sum of the amino-terminal sequences 
of component I and component I1 fragments isolated fol- 
lowing protease treatment, In view of the homology of the E. 
coli and S. typhimurium sequences (Tables I1 and 111) it is 
likely that the amino-terminal sequences of the component I 
and component I1 fragments of S. typhimurium are identical 
with those of untreated components I and I1 of this organism. 

Discussion 

The ASase component 1’s of E. coli, S. typhimurium, and S. 
marcescens are similar in size and function (Zalkin, 1973). The 
component 11’s differ appreciably in that those of E. coli and 
S. typhimurium catalyze the PRTase reaction of tryptophan 
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TABLE IV: Presumed Base Differences in the Genetic Regions Specifying the Initial Portions of Anthranilate Synthetase Com- 
ponents I and I1 and Tryptophan Synthetase a Chain of E. coli, S. typhimurium, and S. marcescens. 

ASase I ASase I1 TSase a 

E. coli cs. S .  marcescens 

E.  coli us. S .  typhimurium No. of residues compared 
No. of residue differences 
AA differences explicable by 

Single base change 
Double base change 
Deletion“ 

Minumum base differences b, 

No. of residues compared 
No. of residue differences 
AA differences explicable by 

Single base change 
Double base change 
Deletion 

Minimum base differences 
No. of residues compared 
No. of residue differences 
AA differences explicable by 

S. typhimurium GS. S .  marcescens 

Single base change 
Double base change 
Deletion 

Minimum base differences 

25 
4 (16%) 

4 
0 
0 

25 
4 ( 5 . 3 7 3  

1 1  (44%:) 

6 
4 
1 

15 (20.0%) 
25 
10 (40 %I 

4 
5 
1 

15 ( 2 0 . 0 7 3  

51 
3 ( 6 x 3  

2 
1 
0 
4 ( 2 . 6 7 3  

60 
14 (23 %I 

8 
6 
0 

2 0 ( 1 1 . 1 Z )  
51 
14 (27%) 

7 
7 
0 

21 (13.7%) 

28 
5 (18%) 

5 
0 
0 
5 (6 .0%) 

28 
9 (32%) 

5 
4 
0 

13  (14.5%) 
28 
8 (29%) 

4 
4 
0 

12 (14.3 %) 
a The deletion of a single amino acid is regarded as a one-base change since it probably resulted from a single mutational event. 

Minimum base differences refer to the minimum number of base changes required to account for the observed amino acid 
differences. The number of amino acid residue differences between the total sequences of the a chains of E. coli and S .  ryphi- 
murium is 44/268 (16.4%) and the minimum base differenceis 45 (6.3 %) (Li et a/., 1973a). 

biosynthesis while that of S .  marcescens does not (Zalkin, 
1973). In addition, component I1 of the latter species is one- 
third the size of the component 11’s of the other two (Zalkin, 
1973). The component 11’s of all three species provide the 
glutamine amidotransferase function to the ASase complex. 
In some organisms in which ASase component I1 resembles 
that of S.  marcescens in size and function, ASase component 
I1 also appears to provide glutamine amidotransferase ac- 
tivity in an enzyme complex involved in p-aminobenzoate 
synthesis (Kane and Jensen, 1970; Kane et al., 1972; Sawula 
and Crawford, 1972,1973). 

The differences in the ASase components prompted this in- 
vestigation of the extent of sequence homology of compo- 
nents I and I1 of E. coli, s. typhimurium, and s. marcescens. 
The amino-terminal sequences of the various components 
were determined and are aligned for comparison in Figures 4 
and 5. These are the first partial sequences determined for these 
polypeptide chains. It is apparent that the respective polypep- 
tides are homologous in all three species, despite the major 
differences in size and function between the component 11’s 
of the three species. It is noteworthy that mild proteolytic 
treatment of the ASase complexes of E. coli and S .  typhi- 
murium cleaves the carboxyl-terminal two-thirds of compo- 
nent 11, the region responsible for PRTase activity, and pro- 
duces a modified ASase complex resembling that of s. mar- 
cescens in amino-terminal sequences, polypeptide sizes, and 
enzyme activity. As discussed elsewhere (Zalkin and Hwang, 
1971; Grieshaber and Bauerle, 1972; Li et ai., 1974) these and 
other findings suggest that the bifunctional component 11 of 
E .  coli and S .  typhimurium arose as a consequence of the 
fusion of a gene for a glutamine amidotransferase and the 
gene specifying PRTase. 

The extent of divergence of the amino acid sequences of 

components I and I1 is analyzed in Table IV. For comparison 
divergence of the TSase a-chain sequences of the same bac- 
terial species (Guest et ai., 1967; Li and Yanofsky, 1973a,b; 
Li et af., 1973b) is presented. It is evident that E. coli and S. 
typhimurium are more closely related to each other than to S.  
marcescens. Component I1 shows somewhat less variation 
than the other two polypeptides suggesting that genes spec- 
ifying proteins concerned with different reactions in the 
tryptophan pathway may have diverged to different extents. 
Results of mRNA-DNA hybridization studies (Denney and 
Yanofsky, 1972) with trp mRNA from the same bacterial 
species support this conclusion. The apparent slower rate of 
evolutionary change of component I1 can be explained by 
more stringent structural requirements for function or by the 
invasion of two of the species by an amidotransferase gene 
from the third, as a relatively late evolutionary event. 

Knowledge of the amino-terminal sequence of ASase com- 
ponent I of E. coli (component I is specified by the most 
operator-proximal structural gene of the trp operon) and 
reference to the genetic code permit the prediction of the ap- 
proximate nucleotide sequence of the corresponding segment 
of the trp operon. Nucleotide sequences of messenger RNA 
transcribed from the operator-proximal segment of the operon 
have been isolated (Cohen et al., 1973; Bronson et ai., 1973) 
and a sequence which corresponds to the first 11  amino res- 
idues of component I has been reported (Bronson et a[., 
1973). 
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