
Tryptophanase (tryptophan indole�lyase, EC

4.1.99.1) is a bacterial pyridoxal�5′�phosphate�depend�

ent enzyme present in many bacteria [1] and catalyzing

reactions of α,β�elimination (1, 2) and β�substitution (3)

of L�tryptophan and some other natural and synthetic

amino acids:

,   (1)

RCH2CH(NH3
+) COO– + H2O →

→ RH + CH3COCOO– + NH+
4 ,                          (2)

where R = OH, SH, R1S;

RCH2CH(NH3
+) COO– + R1H →

→ RH + R1CH2CH(NH3
+) COO– , (3)

where R = OH, SH, R1S; R1 = indolyl.

This enzyme is of particular interest because of its

possible use for the synthesis of L�tryptophan and its

physiologically active analogs [2�4]. Recently trypto�

phanase was cloned from Haemophilus influenzae virulent

strain and the interrelation between the ability of the

strain to produce indole and cause some infectious dis�

eases including meningitis was shown [5]. Thus, trypto�

phanase is convenient as a target for elaboration of effi�

cient inhibitors which could be used for treatment of

meningitis.

Newton and Snell first obtained tryptophanase from

E. coli cells [6] and by now this enzyme is the best studied

one [7�10]. We obtained tryptophanase crystals suitable

for the X�ray structure analysis both from E. coli and Pr.

vulgaris and performed preliminary X�ray structure deter�

mination [11]. Tryptophanase crystals from Pr. vulgaris

appeared to be more promising for determination of the

spatial structure of the enzyme as they provided higher
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resolution. The primary structures of the tryptophanases

from these two sources markedly differ: their identity is

only 52% [12]. For tyrosine phenol�lyase highly homolo�

gous to tryptophanase [13] and catalyzing chemically

similar reaction, the mechanisms of action of the

enzymes from various bacterial sources are known to dif�

fer significantly [14] although their structural identity is

90% [15].

The goal of the present work was to study the cat�

alytic properties and factors controlling substrate speci�

ficity of the enzyme from Pr. vulgaris. We investigated the

enzyme interaction with characteristic inhibitors and

substrate analogs and found that in spite of noticeable dif�

ference in the spectral properties of holoenzymes and

complexes with amino acid inhibitors, the principal cat�

alytic properties of the enzymes from Pr. vulgaris and E.

coli are analogous; this is evidently caused by structural

similarity of their active sites.

MATERIALS AND METHODS

Reagents and materials. The following reagents

were used in this study: lactate dehydrogenase from rab�

bit muscle, protein markers for SDS�PAGE, and D2O

from Sigma (USA); pyridoxal�5′�phosphate (PLP),

NADH, L�tryptophan, L�alanine, L�phenylalanine, S�

benzyl�L�cysteine, S�methyl�L�cysteine, S�ethyl�L�

cysteine, L�methionine, β�chloro�L�alanine, β�phenyl�

DL�serine, dithiothreitol (DTT), and EDTA from Serva

(USA); Lauria�Bertani medium (LB medium) from

Amersham (England); tryptone and yeast extract from

Difco (USA); DEAE cellulose from Whatman

(England); phenyl�Sepharose from Pharmacia Biotech

(Sweden). S�o�Nitrophenyl�L�cysteine (SOPC) was

synthesized as described earlier [16]; oxindolyl�L�ala�

nine (OIA) was obtained by oxidation of L�tryptophan

as described in [17]. The salts used in this study were of

chemically pure and extra pure grade and of Russian

production.

Growth of cells. E. coli SVS 370 cells containing the

tryptophanase gene from Pr. vulgaris in the pAVK2 plas�

mid [12] were grown with shaking (180 rpm) in LB medi�

um for 16 h at 37°C. Then 1�methyl�DL�tryptophan was

added to the medium and growth was continued for 4 h.

The cells were harvested by centrifugation and stored

at –80°C. On the average, from 1 liter of medium 6 g of

cells was obtained.

Protein determination. During purification, the pro�

tein concentration was determined by the Lowry method

[18]. The concentration of purified preparations was

determined spectrophotometrically, measuring absor�

bance at 278 nm and taking A1%
1cm = 9.19 [19].

Enzyme assay. Tryptophanase activity was deter�

mined using SOPC as the substrate by the optical density

decrease at 370 nm using the molar extinction coefficient

1860 M–1·cm–1 [20]. The measurements were performed

in 0.1 M potassium phosphate buffer, pH 7.8, in the pres�

ence of 0.1 mM PLP. The amount of enzyme catalyzing

the conversion of 1 µmol SOPC per 1 min was taken as

the activity unit of tryptophanase. The specific activity

was expressed as U/mg protein.

Steady�state kinetic constants. Kinetic parameters of

β�elimination were determined at 30°C by the coupled

assay with lactate dehydrogenase (LDH) by decrease in

the optical density of NADH at 340 nm using the molar

extinction coefficient 6220 M–1·cm–1. The reaction mix�

tures contained 0.1 M potassium phosphate buffer,

pH 7.8, 0.1 mM PLP, 0.2 mM NADH, 8 U LDH, and

varying amounts of the substrates.

Calculations were performed by the Michaelis–

Menten equation using the Enzfitter program.

The inhibitory effect of amino acids on β�elimina�

tion of L�tryptophan and SOPC was studied under the

conditions described above. The data were analyzed in

Dixon coordinates [21].

The reaction rate of side transamination of L�ala�

nine was determined by decrease in peak intensity of the

quinonoid intermediate (λmax = 501 nm), processing the

data by the Michaelis–Menten equation using the

Enzfitter program.

The reaction rate of side transamination of β�

chloro�L�alanine was determined by the rate of enzyme

inactivation during the reaction.

Absorption spectra were recorded using a Cary 50

spectrophotometer from Varian and the circular dichro�

ism spectra using a Jobin Ivon Mark III dichrograph

(France).

Enzyme purification. The cells were suspended in five

volumes (w/v) of 0.1 M potassium phosphate buffer,

pH 7.0, containing 1 mM EDTA and 0.1 mM PLP and

sonicated using a UZDN�A ultrasonic sonifier (Russia) at

the maximal power for 8�10 min with cooling. The cell

debris was removed by centrifugation (20,000g, 30 min).

Nucleic acids were isolated from the supernatant by the

protamine sulfate treatment (0.14 mg/mg protein), and

the precipitate was removed. Ammonium sulfate (AS) was

added to the supernatant to 45% saturation. The precipi�

tate was removed by centrifugation and the supernatant

was then brought to 65% saturation with AS. The pellet

was dissolved in 0.05 M potassium phosphate buffer,

pH 7.0, containing 1 mM EDTA, 5 mM DTT, and

0.1 mM PLP so that the saturation of protein solution

with AS was 30%. Then the solution was applied on a 50�ml

phenyl�Sepharose column equilibrated with the same

buffer. The enzyme was eluted with a linear gradient of

AS in 0.05 M potassium phosphate buffer, AS saturation

being changed from 30 to 0%. The active fractions eluted

from 15 to 8% AS saturation were pooled and precipitat�

ed by AS (75% AS saturation). The precipitate was col�

lected by centrifugation and dissolved in 0.05 M potassi�

um phosphate buffer, pH 7.0, containing 1 mM EDTA,
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5 mM DTT, and 0.1 mM PLP, dialyzed against the same

buffer and applied on a 20�ml DEAE�cellulose column

equilibrated with 0.05 M potassium phosphate buffer,

pH 7.0, containing 1 mM EDTA, 5 mM DTT, and

0.1 mM PLP. The enzyme was eluted by a linear gradient

of potassium phosphate buffer, pH 7.0 (from 0.05 to

0.4 M, total volume 120 ml). The enzyme was eluted in

the range from 0.14 to 0.2 M potassium phosphate buffer.

The active fractions were pooled, precipitated with AS to

75% saturation, and stored at –20°C. In both cases chro�

matography was performed at room temperature. The

purity of the enzyme was tested by polyacrylamide gel

electrophoresis according to Laemmli [22].

Apoenzyme preparation. To 1 ml of the enzyme solu�

tion (1 mg/ml) in 0.1 M potassium phosphate buffer,

pH 7.0, containing 1 mM EDTA, 0.2 mM DTT, and

0.8 M AS, penicillamine was added to the final concen�

tration 20 mM; this solution was incubated for 30 min at

25°C and then dialyzed against the same buffer at 4°C.

The residual activity of apoenzyme was 1% of the holoen�

zyme activity.

Determination of pyridoxal�5′′�phosphate concentra�
tion. PLP concentration in preparations was determined

in 0.1 M NaOH according to Peterson and Sober [23]

taking the molar extinction coefficient of PLP at 390 nm

equal to 6600 M–1·cm–1.

Dissociation constant of pyridoxal�5′′�phosphate. The

PLP dissociation constant was determined by spec�

trophotometric titration. To the apoenzyme solution

(0.7 mg/ml) in 0.1 M potassium phosphate buffer,

pH 7.8, containing 1 mM DTT, aliquots of 0.65 mM

coenzyme solution were added. The initial PLP concen�

tration was 3.2 µM, the final one 80 µM. After 40 min

incubation the changes in optical density in the CD spec�

trum at 420 nm were recorded. The results were fitted to

the Scatchard type plot [24].

Identification of products of side transamination
reaction of L�alanine. To determine pyridoxamine�5′�
phosphate (PMP) and pyruvate, a sample containing

1.1 mg/ml holoenzyme and 300 mM L�alanine was

incubated for 24 h at room temperature. Then an

aliquot was taken and pyruvate was determined by reac�

tion with LDH. Protein was precipitated with 10% TCA

and isolated by centrifugation. TCA was removed from

the supernatant by multiple extraction with ethyl ether,

and the aqueous layer was evaporated. The pellet was

dissolved in water and chromatographed on Whatman

3MM paper in the system butanol–acetic acid–water

(4 : 1 : 5 v/v). A fluorescent spot with mobility equal to

that of PMP was thus revealed. After staining with 0.2%

ninhydrin the spot became orange, which is typical of

PMP.

Isotope exchange rate. The rate of isotope exchange

of α�proton of L�phenylalanine by the action of trypto�

phanase in D2O was determined as described in [25].

RESULTS AND DISCUSSION

To purify tryptophanase from Pr. vulgaris, in this

study we used the purification procedure presented in

Table 1. It produced electrophoretically homogeneous

enzyme (Fig. 1) with high yield and high specific activity

(40�45 U/mg protein).

Affinity to cofactor and spectral properties of the
holoenzyme. The dissociation constant of PLP deter�

mined by spectrophotometric titration of apoenzyme by

coenzyme for tryptophanase from E. coli is 4.01·10–7 M

[20]. However, affinity to cofactor determined from

dependence of the reaction rate with SOPC on the PLP

concentration is somewhat lower—2.0·10–6 M [26]. In

this study we determined affinity of tryptophanase from

Pr. vulgaris to coenzyme, obtaining almost equal values

by both methods: 2.1·10–6 M by titration and 1.56·10–6 M

by enzyme activation with PLP addition. Thus, enzymes

from various sources have comparable affinities to coen�

zyme. This agrees with the X�ray structural data [27];

according to these data, PLP binding to the active sites

Purification step

Cell extract

Protamine sulfate treatment

Precipitation with ammonium sulfate
0�45%  

45�65%  

Chromatography on phenyl�Sepharose

Chromatography on DEAE�cellulose

Yield, %

100

97

85.9
75

53.6

36.6

Table 1. Purification of tryptophanase from 15 g of Proteus vulgaris cell mass

specific, U/mg

4.6

5.9

11
15

26

41.6

total, U

10441

10124

8976
7830

5597

3827

Total protein, mg

2269

1716

816
522

215

92

Activity
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occurs analogously with participation of the same func�

tional groups. Absorption and CD spectra of trypto�

phanase from Pr. vulgaris and some its enzyme–inhibitor

complexes are presented in Fig. 2. Analogously to tryp�

tophanase from E. coli, the holoenzyme absorption spec�

trum has two characteristic bands with the maxima at 340

and 422 nm; these bands have positive dichroism and

correspond to enolimine and ketoenamine tautomeric

forms:

However, unlike tryptophanase from E. coli, for

which enolamine is a dominant tautomer of internal

aldimine at pH 7.8 [9], ketoenamine absorbing at

422 nm is a dominant tautomer in the spectrum of the

enzyme from Pr. vulgaris. It should be noted that for

tyrosine phenol�lyase (EC 4.1.99.2) from Citrobacter

intermedius with the primary and spatial structures and

the active site residues highly homologous to those of

tryptophanase from Pr. vulgaris [27], ketoenamine is

also a dominant tautomeric form of holoenzyme. These

data suggest that for tryptophanase from Pr. vulgaris as

well as for tyrosine phenol�lyase, the microenvironment

of the active site in the dominant conformation is less

hydrophobic [28, 29] than for tryptophanase from E.

coli.

Catalytic properties. Catalytic parameters of decom�

position of the natural substrate, L�tryptophan, by the

enzyme from Pr. vulgaris (Table 2) are almost the same as

those for the enzyme from E. coli [30]. The values of

kinetic isotope effects arising from replacement of α�

Fig. 1. Electrophoresis of tryptophanase from Pr. vulgaris in

10% polyacrylamide gel according to Laemmli: 1) trypto�

phanase 5 µg; 2) molecular mass markers.
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Fig. 2. Absorption (a) and circular dichroism (b) spectra of

tryptophanase from Pr. vulgaris and its enzyme–inhibitor com�

plexes: 1) holoenzyme (1.3 mg/ml) in 0.1 M potassium phos�

phate buffer, pH 7.8; 2) complex with L�alanine (280 mM); 3)

complex with oxindolyl�L�alanine (0.2 mM); 4) complex with

β�phenyl�DL�serine (90 mM).
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hydrogen atom of the substrate by deuterium and from

transfer from H2O to D2O are presented in Table 3. These

values are close to analogous isotope effects for trypto�

phanase from E. coli; thus, the ratios of the rates of the

main elementary steps sensitive to the various isotope

effects are probably very similar for the enzymes from var�

ious sources.

We also determined kinetic parameters in reactions

of the enzyme from Pr. vulgaris with L�serine, some S�

alkyl�L�cysteines, and substrates bearing a good leaving

group in the β�position: S�o�nitrophenyl�L�cysteine

and β�chloro�L�alanine (Table 2). The difference in the

Km values for the enzyme from various sources in the

reaction with S�alkyl�L�cysteines is notable. The affin�

ity of tryptophanase from Pr. vulgaris to S�ethyl�L�cys�

teine and S�benzyl�L�cysteine is ~5�10 times lower

than affinity of tryptophanase from E. coli (Km =

0.065 mM) [19], whereas affinity of tryptophanase from

Pr. vulgaris to S�methyl�L�cysteine is very close to

affinity of tryptophanase from E. coli (Km = 20 mM)

[19]. The decomposition rates of S�alkyl�L�cysteines by

tryptophanase from Pr. vulgaris appeared to be lower

than the corresponding kcat values of the enzyme from

E. coli.

The ability of tryptophanase from Pr. vulgaris to cat�

alyze stereospecific exchange of the amino acid α�hydro�

gen for deuterium in D2O was studied using the reaction

with L�phenylalanine as an example. The value of kcat was

found to be 0.68 sec–1, this being 10% of the main reac�

tion rate. For the enzyme from E. coli the rate of isotope

exchange of L�phenylalanine is significantly higher: 60%

of the main reaction rate [31].

Spectral properties of the enzyme–inhibitor com�
plexes. Earlier we studied the absorption and CD spec�

tra of the complexes of tryptophanase from E. coli with

some amino acids [10] and found that for L�alanine and

oxindolyl�L�alanine (OIA), the reaction is terminated

at the stage of quinonoid intermediate and for β�

phenyl�DL�serine at the stage of external aldimine,

since formation of noticeable amounts of the quinonoid

structure is not observed. The absorption and CD spec�

tra of the complexes of tryptophanase from Pr. vulgaris

with L�alanine and OIA have the same absorption and

circular dichroism band typical of the quinonoid inter�

mediate with λmax in the region 495�502 nm, and for�

mation of the external aldimine with β�phenyl�DL�ser�

ine is also accompanied by the sign change of circular

dichroism of the ketoenamine absorption band (Fig. 2).

It should be noted that anisotropic factors of two

absorption bands, the internal ketoenamine with λmax =

422 nm (∆A/A = 25.65·10–4) and quinonoid intermedi�

ate with OIA (∆A/A = 5.29·10–4) appeared to be

approximately twice as large as the corresponding val�

ues for the enzyme from E. coli [10]. This suggests that

for tryptophanases from various sources, significant dif�

ference in microenvironment of the active site takes

place not only at the stage of holoenzyme but also at

subsequent stages of the internal aldimine and

quinonoid intermediate.

Factors governing efficient binding of inhibitors in the
active site. For tryptophanase from E. coli, the relation

between the structural features of amino acid inhibitors

and effective inhibition constant was quantitatively ana�

lyzed using correlation methods [31]. For some amino

acids considered as in optimal manner corresponding to

the active site structure, a good linear correlation

between –RTlnKi and hydrophobicity of the side chain

(π) was observed [32]. The negative deviations from this

dependence were interpreted as being a consequence of

steric interactions and positive deviations as evidence for

favorable specific interactions. In this study, we applied

an analogous approach for analysis of the Ki values char�

Substrate

S�o�Nitrophenyl�L�
cysteine

L�Tryptophan

β�Chloro�L�alanine

L�Serine

S�Benzyl�L�cysteine

S�Ethyl�L�cysteine

S�Methyl�L�cysteine

Km, mM

0.18 ± 0.0105

0.28 ± 0.031

9.36 ± 1.29

50.9 ± 7.24

0.804 ± 0.18

3.17 ± 0.367

16 ± 0.194

kcat/Km,
sec–1·M–1

1.85 · 105

2.24 · 104

8.98 · 102

3.59 · 10

4.45 · 103

1.13 · 103

2.44 · 102

kcat,
sec–1

33.35

6.29

8.41

1.83

3.58

3.59

4.1

Table 2. Steady�state kinetic parameters of tryptophanase

from Pr. vulgaris

Compared substrates

L�Tryptophan and 

[α�2H]�L�tryptophan

L�Tryptophan

Compared 
solvents

Н2О

Н2О

2Н2О

KIE

Dkcat = 3.78

D(kcat/Km) = 2.4

Dkcat = 3.6

D(kcat/Km) = 3.36

Table 3. Kinetic isotope effects on the reaction of trypto�

phanase from Pr. vulgaris with the natural substrate
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acterizing binding of amino acid inhibitors to the

enzyme from Pr. vulgaris (Table 4). The dependence of

the Ki values on hydrophobicity presented in Fig. 3 is

qualitatively analogous to that for the enzyme from E.

coli. For some amino acids of those optimally fit to the

active site of the enzyme from E. coli, –RTlnKi values

correlate well (r = 0.98) with hydrophobicity of the side

groups, and the slope of the line is close to unity. For

amino acids with the branched side chain, negative devi�

ations from linearity are observed and in some cases the

values of these deviations differ markedly from those

observed for the enzyme from E. coli; this is probably

related with certain differences in the steric parameters

of various tryptophanases. For both enzymes, affinity to

phenylalanine is significantly lower than could be

expected accounting for its hydrophobicity. This fact can

be rationalized by impossibility of the “proper” orienta�

tion of the phenyl ring (nearly parallel to the cofactor

plane). For arginine having a positive charge in the side

chain, a positive deviation (3.1 kcal/mol) from linearity

is observed; for the enzyme from E. coli, analogous devi�

ation is 3.6 kcal/mol. This deviation indicates that there

exists specific interaction with the electronegative pro�

tein moiety. According to the X�ray diffraction data [27],

this moiety can be Asp133 residue, which is positioned at

the distance of a hydrogen bond from the nitrogen atom

of the indole ring.

Side transamination reaction. The side transamina�

tion reaction was observed for many PLP�dependent

enzymes not being aminotransferases [33, 34]. For these

enzymes, transamination results from “disruption” in the

enzymatic mechanism: after removing the α�proton of

external aldimine, protonation of the C4′ atom occurs

instead of a normal catalytic act or reversion of the pro�

ton to its original position. Typical features of this reac�

tion are inactivation of the enzyme on incubation with

the substrates or inhibitors, intensity decrease in the

absorption band of quinonoid intermediate with time,

and appearance of an absorption band in the range 325�

330 nm due to formation of the reaction products, pyri�

doxamine phosphate and keto acid, absorbing in this

wavelength range. Addition of PLP results in restoration

of the enzyme activity to the initial level.

On interaction of tryptophanase from Pr. vulgaris

with L�alanine, the quinonoid peak with λmax = 501 nm

was gradually decreased (Fig. 4). After 23 h incubation at

25°C the quinonoid peak intensity was ~10% of its initial

value, the appearance of an absorption band at 325 nm

being observed, and enzyme inactivation being 92�94%.

Upon incubation of tryptophanase with L�Phe and S�

ethyl�L�cysteine, we observed slower inactivation of the

enzyme, by 20�30% in 24 h. The activity was restored

Inhibitor

L�Tryptophan

L�Valine

L�Alanine

Norleucine

L�Leucine

L�Histidine

L�Homoserine

L�Glutamine

Norvaline

L�Cysteine

L�Threonine

L�Glycine

L�Phenylalanine

L�Serine

L�Homophenylalanine

L�Arginine

L�Asparagine

L�Methionine

β�Phenyl�DL�serine

L�Ethionine

Ki, mM

0.278

113.72

28.19

9.95

52.54

16.57

7.69

43.63

61.69

7.07

46.15

83.7

9.17

55

0.054

50.5

41.6

7.65

9.76

8.52

π, kcal/mole [32]

2.55

1.46

0.4

1.91

1.91

0.6

—

–0.19

1.46

0.9

—

0

2.37

–0.27

2.77

–2.64

–0.28

1.34

—

1.74

Table 4. Competitive inhibition constants of SOPC

decomposition 

Fig. 3. The dependence of binding efficiency of L�amino acids

with tryptophanase on hydrophobicity of their side chain.
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completely on addition of PLP to the reaction mixtures.

After incubation of the enzyme with L�alanine for 24 h,

the reaction products, PMP and pyruvate, were identified

in the reaction mixture. We determined the values of kcat

for the side transamination of L�alanine by tryptophanas�

es from Pr. vulgaris and E. coli. The reaction was moni�

tored by the rate of disappearance of the quinonoid peak.

The values obtained were 7.0·10–5 and 3.8·10–5 sec–1,

respectively. Very close to these is the kcat for the side

transamination of β�chloro�L�alanine by the enzyme

from E. coli (9.1·10–5 sec–1). However, for the reaction

with the natural substrate, L�tryptophan, the rate of side

transamination for tryptophanase from E. coli is from

2.3·10–4 to 4.0·10–4 sec–1 [34]. So, on transfer from the

natural substrate to the inhibitor (L�alanine) or not natu�

ral  substrate (β�chloro�L�alanine) having a structure sig�

nificantly different from that of the natural substrate, the

rate of “erroneous” transamination reaction not only

does not increase, but it even somewhat decreases. It is

noteworthy that for tyrosine phenol�lyase (EC 4.1.99.2)

from Citrobacter intermedius [35], the rate of side

transamination of L�alanine is more than one order of

magnitude higher (kcat = 1.53·10–3 sec–1) at the compara�

ble values of the main reaction rates [23]. This suggests

that in spite of high conservatism of the spatial structure

and the active site residues of tryptophanase from Pr. vul�

garis and tyrosine phenol�lyase from Citrobacter inter�

medius, the microenvironment of the quinonoid interme�

diates of L�alanine in these enzymes should differ.
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