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ABSTRACT: The prototypical tryptophan synthase is a stable heterotetramericR-ââ-R complex. The
constituting TrpA and TrpB1 subunits, which are encoded by neighboring genes in thetrp operon, activate
each other in a bi-directional manner. Recently, a novel class of TrpB2 proteins has been identified,
whose members contain additional amino acids that might sterically prevent complex formation with
TrpA. To test this hypothesis, we characterized the TrpA and TrpB proteins fromSulfolobus solfataricus.
This hyperthermophilic archaeon does not contain a TrpB1 protein but instead contains two TrpB2
homologues that are encoded within (TrpB2i) and outside (TrpB2o) thetrp operon. We find that TrpB2i
and TrpA form a weak and transient complex during catalysis, with a uni-directional activation of TrpA
by TrpB2i. In contrast, TrpB2o and TrpA do not form a detectable complex. These results suggest a
model for the evolution of the tryptophan synthase in which TrpB2o, TrpB2i, and TrpB1 reflect the stepwise
increase of TrpB affinity for TrpA and the refinement of functional subunit interaction, concomitant with
the co-localization of the encoding genes in thetrp operon.

Multi-enzyme complexes are used by cells to catalyze
successive reactions within a metabolic pathway. This allows
the organism to coordinate the catalytic activities of the
associated subunits and to protect metabolites by direct
transfer from one active site to another without being released
into the cytoplasm (1-3). One of the best studied metabolic
pathways is the biosynthesis of tryptophan, whose investiga-
tion has provided fundamental insights into many aspects
of bacterial genetics and enzymology (4, 5). The first and
the last steps of tryptophan biosynthesis are catalyzed by
multi-enzyme complexes, namely anthranilate synthase and
tryptophan synthase. Whereas detailed insights into the
structure and mechanism of action of the anthranilate
synthase complex were obtained only recently (6-9), tryp-
tophan synthase has been studied for decades as a model
system used to understand the structural basis and functional
consequences of protein-protein interactions (10).

The prototypical tryptophan synthase found in the meso-
philic bacteriaSalmonella typhimuriumandEscherichia coli
is a R-ââ-R complex (11), whoseR- andâ-subunits are
encoded in the tryptophan operon by the adjacenttrpA and
trpB1 genes. TrpA catalyzes the reversible cleavage of
indole-3-glycerol phosphate (IGP1) into glyceraldehyde-3-
phosphate (GA3P) and indole (reaction 1). The indole
migrates through a hydrophobic channel to an active site of
an attached TrpB1 subunit (12), where it condenses with

L-serine in a pyridoxal phosphate (PLP) dependent irrevers-
ible reaction to formL-tryptophan (reaction 2). The physi-
ologically relevant reaction of theR-ââ-R complex is the
sum of the TrpA and TrpB1 reactions (reaction 3).

The catalytically essential residues of theR- andâ-subunits
have been identified, and their reaction mechanisms have
been elucidated (13, 14). The isolated TrpA and TrpB
proteins form stable but poorly activeR-monomers (15) and
ââ-homodimers (16) with molecular masses of about 27 and
94 kDa, respectively. Their assembly to the nativeR-ââ-R
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complex, however, leads to structural alterations of both
subunit types (17), which results in their reciprocal activation
by 1-2 orders of magnitude (18). This inter-subunit com-
munication is based on conformational transitions between
open (catalytically inactive) and closed (catalytically active)
states (19), whose equilibrium can be shifted byR-subunit
ligands, monovalent cations, solvents, temperature, or pres-
sure (ref 20 (20) and references therein). The ligand-induced
structural changes between the various states and the residues
crucial for the allosteric communication between theR- and
â-active sites were identified by X-ray crystallography, NMR
spectroscopy, and mutational analysis of theS. typhimurium
tryptophan synthase (21-31).

These findings establish that theR- and â-subunits of
tryptophan synthase are highly interactive, both with respect
to structure and function. It was, therefore, unexpected when
whole genome sequencing identified two differenttrpB genes
(trpB1 and trpB2) but only a singletrpA gene in many
Archaea and a few Bacteria and plants. The TrpB1 and
TrpB2 proteins constitute two phylogenetically distinct
sequence families (32), which are listed in the clusters of
orthologous groups of proteins database (33) as COG 0133
and 1350, respectively. Within each of the two groups,
proteins show sequence identities of about 60%, whereas
between the two groups, the identities are only about 30%
(34). Most trpB1 genes, which correspond to the conven-
tional trpB genes, are localized in thetrp operon adjacent
to trpA. In contrast, mosttrpB2 genes are located outside
this operon.

Recently, tmTrpA, tmTrpB1, and tmTrpB2 from the
hyperthermophilic bacteriumThermotoga maritima(opti-
mum growth at 80°C) were produced inE. coli, purified,
and characterized (34). It was shown that recombinant
tmTrpA forms anR-monomer and that both recombinant
tmTrpB proteins formââ-homodimers. However, only the
operon-encoded tmTrpB1 but not tmTrpB2 associates with
tmTrpA to form the conventionalR-ââ-R tryptophan
synthase complex in which both subunits reciprocally activate
each other. Compared to tmTrpB1, tmTrpB2 and all other
identified TrpB2 proteins contain anN-terminal extension
of about 20 residues and 2 insertions in the communication
(COMM) domain of about 5 and 10 residues, and it was
postulated that these additional residues prevent complex
formation with TrpA by steric hindrance (34) (Figure 1).

Sulfolobus solfataricusis a hyperthermophilic crenar-
chaeon, which grows optimally at temperatures between 75
and 80°C and at pH values between 2 and 4 (35). In contrast
to T. maritima, the genome ofS. solfataricusdoes not contain
a trpB1 gene but has two differenttrpB2 genes, strpB2i and
strpB2o, as defined by the COG database (35) (Figure 1).
Whereas strpB2i is located next to strpA within the trp
operon, strpB2o is located more than 20 kbp outside the
operon. The same situation is found in four other crenarchaea
(S. tokodaii, Aeropyrum pernix, Pyrobaculum aerophilum,
andPicrophilus torridus) (36-39). Following the hypothesis
that TrpB2 proteins do not form a complex with TrpA (34),
one would have to conclude that these five microorganisms
do not contain a prototypical tryptophan synthaseR-ââ-R
complex and, as a consequence, lack the sophisticated system
of mutual subunit activation and indole channelling described
above.

In order to test this hypothesis, we have produced sTrpA,
sTrpB2i, and sTrpB2o inE. coli and purified and character-
ized the recombinant proteins. The results show that sTrpB2i,
but not sTrpB2o, associates transiently with sTrpA during
catalysis to form a functional tryptophan synthase complex.
However, in contrast to the regular tryptophan synthases,
activation is uni-directional from sTrpB2i to sTrpA, and the
affinity between the different subunit types is weak. On the
basis of these findings, we propose a model for the evolution
of the tryptophan synthase which might be paradigmatic for
other key metabolic enzyme complexes.

MATERIALS AND METHODS

DNA Manipulation and Sequence Analysis.Preparation of
DNA, digestion with restriction endonucleases, ligation, and
sequencing of DNA were performed as described (40). DNA
amplification by PCR was performed using the Ready-
MixREDTaq PCR Reaction Mix (Sigma-Aldrich) or the Pwo
Polymerase (New England Biolabs).

Gene Cloning and Protein Production. The strpA, strpB2i,
and strpB2o genes, as well as the genes for glyceraldehyde-
3-phosphate dehydrogenase (tmgapdh) and lactate dehydro-
genase (tmldh) from T. maritimawere subcloned into the
pET28a vector (Stratagene), and expressed inE. coli BL21-
(DE3) Codon plus cells. The recombinant proteins were
purified from the soluble fraction of the cell extract using a
heat step to remove thermolabile host proteins, followed by
metal chelate affinity chromatography. In the case of sTrpA,
sTrpB2i, and sTrpB2o, theN-terminal His-tag was cleaved
by thrombin and removed together with the protease by
hydroxyapatite or anion exchange chromatography. The
details of the protocols for cloning, heterologous expression,
and purification are provided in Supporting Information. The
tmTrpA and tmTrpB1 proteins were produced by heterolo-
gous gene expression inE. coli and purified as described
(34).

Analytical Methods. Purification of proteins was followed
by electrophoresis on 12.5% SDS-polyacrylamide gels with
the system of Laemmli (41) using staining with Coomassie
blue. The concentrations of sTrpA, tmGAPDH, and tmLDH
were determined using the molar extinction coefficients at
280 nm calculated from the amino acid sequences (42): ε280

) 25900 M-1 cm-1 for sTrpA, ε280 ) 24410 M-1 cm-1 for
tmGAPDH, andε280 ) 18910 M-1 cm-1 for tmLDH. The
concentrations of sTrpB2i and sTrpB2o were measured
according to the Bradford procedure (43) because the strong
absorption at 280 nm of the bound cofactor PLP impeded a
reliable calculation ofε280. Analytical gel filtration was
performed at 25°C and a flow rate of 0.5 mL min-1 on a
Superdex 200 column (GE Healthcare) equilibrated with 50
mM potassium phosphate buffer at pH 7.5, containing 300
mM KCl. Apparent molecular masses were calculated from
the corresponding elution volumes using a calibration curve
that was obtained with standard proteins. Sedimentation
equilibrium runs with 4µM (subunit concentration) sTrpB2i
or sTrpB2o were performed at 26.5°C in a Beckman
analytical ultracentrifuge (model E) at 12000 rpm and
followed by measuring the absorbance at 277 nm. The
proteins were dissolved in 10 mM potassium phosphate
buffer at pH 7.5, containing 40µM PLP. The runs were
analyzed using the meniscus-depletion-method (44, 45).
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Molecular masses were calculated assuming a partial specific
volume of 0.73 mL/g.

Steady-State Enzyme Kinetics. The cleavage of IGP to
indole and GA3P (A-reaction) by sTrpA or tmTrpA was
measured at 60°C by absorption spectroscopy in a coupled
enzymatic assay (46) and analyzed using∆ε340(NADH -
NAD+) ) 6.22 mM-1 cm-1 as described (34). Initial velocity
measurements were recorded in 100 mM EPPS/KOH buffer
at pH 7.5, containing 180 mM KCl, 40µM PLP, 6 mM
NAD+, 20 mM arsenate, 5.5µM tmGAPDH, and various
concentrations of IGP. The values for the steady-state enzyme
kinetic parameterskcat and KM

IGP were determined by the
fitting of saturation curves with a hyperbolic function.

For the generation of Arrhenius diagrams, the turnover
numbers of sTrpA and tmTrpA were determined at saturating
concentrations of IGP. The applied concentrations for isolated
sTrpA were 10µM at 55 °C, 15 µM at 50 and 60°C, and
27 µM at 45°C. The concentration of isolated tmTrpA was

8 µM for the entire temperature range between 30 and 60
°C. At the same temperatures as those applied to the isolated
TrpA proteins, 3µM sTrpA was assayed in the presence of
0.5 µM (subunit concentration) sTrpB2i plus 1 M serine,
and 1µM tmTrpA was assayed in the presence of 1µM
(subunit concentration) tmTrpB1 plus 1 M serine.

The conversion of indole and serine to tryptophan (B-
reaction) by sTrpB2i and sTrpB2o was measured at 60°C
by absorption spectroscopy and analyzed using∆ε290 (tryp-
tophan- indole) ) 1.89 mM-1cm-1 (47). Initial velocity
measurements in the presence of saturating concentrations
of indole and various concentrations of serine were recorded
in 100 mM potassium phosphate buffer at pH 7.5, containing
180 mM KCl and 40µM PLP. The values for the steady-
state enzyme kinetic parameterskcat and KM

serine were
determined by the fitting of saturation curves with a
hyperbolic function. The values forKM

indole were determined
by analyzing entire progress curves, which were recorded

FIGURE 1: Multiple sequence alignment of the tryptophan synthaseâ-subunits fromT. maritimaandS. solfataricus. Amino acids conserved
in the four sequences are displayed in black columns; *, amino acids at a distance of 4 Å or less from the bound tryptophan in TrpB1 from
S. typhimurium(pdb code 2TYS). The blue bars mark the residues of the communication (COMM) domain (23). It has been postulated that
the insertions inCOMM domains of tmTrpB2 and itsN-terminal extension prevent complex formation with tmTrpA (34). The amino acids
in red are at a distance of 5 Å or less from TrpA in TrpB1 fromS. typhimurium(pdb code 1A50). The amino acids in green columns are
conserved in the known TrpB1 sequences (R137, K163, D300 in tmTrpB1) but not in the TrpB2 sequences. They form intra and intersubunit
salt bridges, which are involved in the allosteric communication between TrpA and TrpB1 (28). The alignment was created with T-coffee
(61).
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in the same buffer in the presence of saturating concentrations
of serine, with the integrated form of the Michaelis-Menten
equation (48).

The cleavage of serine to pyruvate and ammonia (serine
deaminase reaction) catalyzed by the TrpB proteins was
measured at 80°C with a coupled spectroscopic assay (49)
in which the produced pyruvate is converted by tmLDH to
lactate, upon the oxidation of NADH to NAD+. Initial
velocity measurements in the presence of various concentra-
tions of serine were recorded in 100 mM potassium
phosphate buffer at pH 7.5, containing 180 mM KCl, 40µM
PLP, 250µM NADH, and 10µM tmLDH. The values for
the steady-state enzyme kinetic parameterskcat andKM

serine

were determined by the fitting of saturation curves with a
hyperbolic function.

ActiVity Titrations. sTrpB2i and tmTrpB1 were titrated at
60 °C with sTrpA and tmTrpA, respectively, both in the
presence and absence of 1 M serine. The resulting A-
activities of the complexed TrpA proteins were measured,
corrected for the activities of the isolated TrpA proteins, and
normalized. The titrations of sTrpB2i with sTrpA could be
fitted with a hyperbolic function. The titrations of tmTrpB1
with tmTrpA, however, yielded a linear graph almost until
saturation was reached, indicating that the free concentration
of tmTrpA was much lower than its added total concentra-
tion. For this reason, the curves were fitted with the following
quadratic equation:

whered ) 1 + ([L]0 + Kd)/([P]0), andc ) [L]0/[P]0.
[PL]eq is the equilibrium concentration of the complex

between tmTrpB1 and tmTrpA, [P0] is the total concentration
of tmTrpB1, and [L]0 is the total concentration of tmTrpA.

RESULTS

Association States and Test for Complex Formation of
sTrpA with sTrpB2i and sTrpB2o. To investigate the as-
sociation states of the recombinant proteins and to test
whether sTrpA forms a complex with sTrpB2i or sTrpB2o,
analytical gel filtration was performed at 25°C on a
calibrated superdex 200 column. The results are presented
in Figure 2. The elution profiles of the protein mixtures
correspond to the sum of the elution profiles of the individual
proteins, demonstrating that sTrpA does not form a stable
complex with either sTrpB2i or sTrpB2o under the given
conditions. Likewise, the elution profile of a mixture of
tmTrpA and tmTrpB2 corresponded to the sum of the elution
profiles of the separated proteins, whereas a mixture of
tmTrpA and tmTrpB1 yielded a faster eluting peak, corre-
sponding to theR-ââ-R complex (34).

The elution time of sTrpA corresponds to a molecular mass
of 25.5 kDa, matching within experimental error the calcu-
lated molecular mass for the monomer of 27.9 kDa. The
elution times of sTrpB2i and sTrpB2o correspond to mo-
lecular masses of 55.7 and 83.5 kDa, respectively, which
are between the calculated molecular masses of the respective
â-monomers (47.7 and 47.8 kDa) andââ-homodimers (95.4
and 95.6 kDa). Sedimentation equilibrium runs in the
analytical ultracentrifuge yielded molecular masses of 92.0

kDa for sTrpB2i and 104.0 kDa for sTrpB2o, confirming
that both proteins are homodimers.

Catalytic ActiVities of sTrpA and tmTrpA. Analytical gel
filtration at 25°C did not provide evidence for the formation
of a stable complex between sTrpA and sTrpB2i or sTrpB2o
(Figure 2). To test whether complex formation is induced
by temperatures close to the growth optimum ofS. solfa-
taricus or by the presence of substrates, the stimulation of
sTrpA activity by sTrpB2i or sTrpB2o was assayed by
steady-state enzyme kinetics at 60°C with and without
serine. For comparison, the stimulation of tmTrpA by
tmTrpB1 in the [tmTrpA-tmTrpB1]2 complex was measured
under identical conditions. The deduced values for the
turnover numberskcat, Michaelis constantsKM

IGP, and
catalytic efficiencieskcat/KM

IGP are listed in Table 1. The data
show that sTrpB2o, even when present at high concentra-
tions, does not increase the poor catalytic activity of sTrpA.

[PL]eq/[P0] ) 1/2(d - xd2 - 4c) (1)

FIGURE 2: Analytical gel filtration at 25°C to test for stable
complex formation between sTrpA and sTrpB2i (A) or sTrpB2o
(B). (A) Elution profiles of 12µM sTrpA (magenta), 6µM (subunit
concentration) sTrpB2i (green), and a 1:1 mixture of the two protein
solutions (black). (B) Elution profiles of 12µM sTrpA (magenta),
6 µM (subunit concentration) sTrpB2o (green), and a 1:1 mixture
of the two protein solutions (black). The elution was performed at
a flow rate of 0.5 mL/min in 50 mM potassium phosphate buffer
at pH 7.5 and 300 mM KCl and was followed by measuring the
absorbance at 280 nm.
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In contrast, sTrpB2i increases the catalytic efficiencykcat/
KM

IGP of sTrpA about 60-fold because of a strong increase
of kcat and a moderate decrease ofKM

IGP. When the sTrpB2i
substrate serine is present at saturating concentrations, sTrpA
is activated almost 300-fold. These results demonstrate that
sTrpA and sTrpB2i form a productive complex during
catalysis at 60°C and that the binding of serine further
enhances the stimulating effect of sTrpB2i for sTrpA.
Likewise, isolated tmTrpA shows a low catalytic efficiency
at 60°C and is stimulated by tmTrpB1 about 60-fold in the
absence and more than 1000-fold in the presence of serine
(Table 1).

Temperature Dependence of the ActiVation of sTrpA and
tmTrpA by Their Cognate TrpB Proteins. Although no
complex between sTrpA and sTrpB2i was detected by
analytical gel filtration at 25°C, the catalytic efficiency of
sTrpA was greatly increased by sTrpB2i at 60°C (Table 1).
These findings suggested that high temperature is required
for productive interactions between sTrpA and sTrpB2i but
might be less important for interactions between tmTrpA and
tmTrpB1, which form a stable complex that is detectable by
analytical gel filtration at 25°C (34). To test this hypothesis,
the activation of sTrpA and tmTrpA by their cognate sTrpB2i
and tmTrpB1 proteins was assayed at a temperature range
between 30 and 60°C. The results are presented in Figure
3. The Arrhenius diagrams in both Figure 3A and B are
parallel to a first approximation, demonstrating that the
activation of both sTrpA by sTrpB2i and tmTrpA by
tmTrpB1 is largely independent of temperature.

Monitoring Complex Formation by ActiVity Titrations. To
test whether a low affinity of sTrpA for sTrpB2i might
prevent the detection of a stable complex, titration studies
were performed. To this end, constant concentrations of
sTrpB2i and tmTrpB1 were supplemented with increasing
amounts of sTrpA and tmTrpA, respectively, and the
formation of complexes was assayed by measuring the
activation of TrpA when bound to the cognate TrpB. The

results are shown in Figure 4. The activation of sTrpA with
sTrpB2i with bound serine was fitted with a hyperbolic
function, yielding an apparentKd value for complex forma-
tion of 0.28µM. The activation of tmTrpA by tmTrpB1 with
bound serine is linear over almost the entire applied
concentration range, and the extrapolated equivalence point
of 0.06µM tmTrpA at the given tmTrpB1 subunit concen-
tration of 0.05µM confirmed the 1:1 stoichiometry in the
[tmTrpA-tmTrpB1]2 complex (34). The curve was fitted
with a quadratic equation (Material and Methods) (50),
yielding an apparentKd value of ∼0.4 nM. This value is
close to theKd value of 2 nM, which was determined at 25
°C in a similar way for the formation of theR-ââ-R
complex fromE. coli (51). These findings show that complex
formation between sTrpA and sTrpB2i takes place with an
affinity that is lower by almost 3 orders of magnitude in
comparison to the affinity between TrpA and TrpB1 proteins.
The apparent affinity between tmTrpA and tmTrpB1 is
independent of the presence of serine within experimental
error. In contrast, the apparent affinity between sTrpA and
sTrpB2i is decreased 100-fold in the absence of serine,
yielding an apparentKd value of 22µM (Figure 4). These
results suggest that the activating effect of serine (Table 1)
is due to an improved functional coupling between tmTrpB1
and tmTrpA and an increased affinity of sTrpB2i for sTrpA.

Catalytic ActiVities of sTrpB2i and sTrpB2o. Steady-state
enzyme kinetics with sTrpB2i and sTrpB2o were measured
at 60°C, both in the absence and in the presence of sTrpA.

Table 1: Steady-State Enzyme Kinetic Parameters at 60°C of
sTrpA and tmTrpA, in the Absence and Presence of the Cognate
TrpB Proteins and Serinea

protein
kcat

(s-1)
KM

IGP

(mM)
kcat/KM

IGP

(mM-1 s-1)

sTrpAb 0.0007 0.012 0.058
sTrpA + sTrpB2ic 0.012 0.0035 3.4
ratiod 17 0.29 59
sTrpA + sTrpB2i+ serinee 0.10 0.0062 16
ratiod 143 0.52 275
sTrpA + sTrpB2of 0.0007 0.012 0.058
ratiod 1 1 1
tmTrpAg 0.052 0.65 0.08
[tmTrpA-tmTrpB1]2h 0.52 0.11 4.7
ratio d 10 0.17 59
[tmTrpA-tmTrpB1]2 + serinei 1.1 0.013 85
ratiod 21 0.02 1050

a Reaction conditions: 100 mM EPPS/KOH at pH 7.5, 180 mM KCl,
40 µM PLP, 6 mM NAD+, and 5.5µM tmGAPDH. b 14 µM sTrpA.
c 3 µM sTrpA plus 0.5µM (subunit concentration) sTrpB2i.d Ratio of
the values for the TrpA proteins in the presence and absence of the
cognate TrpB proteins (and serine, if applicable).e 3 µM sTrpA plus
0.5µM (subunit concentration) sTrpB2i plus 1 M serine.f 14µM sTrpA
plus 28µM (subunit concentration) sTrpB2o.g 8 µM tmTrpA. h 1 µM
[tmTrpA-tmTrpB1]2. i 1 µM [tmTrpA-tmTrpB1]2 plus 0.5 M serine.
The measurements were made in duplicate, and the values of the
determined constants deviated by less than 30%.

FIGURE 3: Temperature dependence of the activation of sTrpA by
sTrpB2i (A) and tmTrpA by tmTrpB1 (B) (Arrhenius diagrams).
The turnover numbers of sTrpA (A) and tmTrpA (B) were measured
in the absence (9) and presence (b) of saturating concentrations
of sTrpB2i and tmTrpB1, respectively, plus 1 M serine. The
deduced activation energies for isolated and complexed sTrpA are
142 and 123 kJ/mol, and those for isolated and complexed tmTrpA
are 60 and 63 kJ/mol, respectively.
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The deduced values forkcat, KM
indole, KM

serine, kcat/KM
indole, and

kcat/KM
serine are listed in Table 2. The catalytic efficiencies

of sTrpB2i for indole and serine are about 1 order of
magnitude higher than those of sTrpB2o, mainly because of
an increasedkcat value. However, neither sTrpB2 protein is
activated by sTrpA. Given the lack of activation of sTrpA
by sTrpB2o (Table 1), this result is in accordance with
expectations. It is unexpected, however, in the case of
sTrpB2i, which strongly activates sTrpA (Table 1; Figure
3A).

Serine Deaminase ActiVity of TrpB Proteins. It has been
suggested that TrpB2 enzymes might act as indole salvage
proteins, which prevent the diffusion of the hydrophobic
metabolite through the cell membrane at the high physi-
ological temperatures of hyperthermophiles (34). Alterna-

tively, it has been proposed that the deamination of serine
to pyruvate is the physiological function of TrpB2 proteins.
In support of this hypothesis, serine deamination is a known
side reaction of TrpB1 proteins (49) and almost all organisms
with a trpB2 gene, includingT. maritimaandS. solfataricus,
lack a serine deaminase gene (32). Along the same lines, it
has been speculated that the expression oftrpB2 from
Methanothermobacter thermautotrophicusmight be regulated
by the availability of serine (52). To follow up the serine
deaminase hypothesis, the cleavage of serine to pyruvate and
ammonia by sTrpB2o and tmTrpB2 was measured at 80°C.
Both sTrpB2o and tmTrpB2 showed poor serine deaminase
activities with catalytic efficiencieskcat/KM

serine of 0.9 M-1

s-1 (kcat ) 0.036 s-1, KM
serine ) 0.042 M) and 1.4 M-1 s-1

(kcat ) 0.010 s-1, KM
serine ) 0.007 M), respectively. These

values are lower by 1-2 orders of magnitude than the
correspondingkcat/KM

serinevalues of tmTrpB1 and [tmTrpA-
tmTrpB1]2, which were determined to be 13 M-1 s-1 (kcat )
0.63 s-1, KM

serine) 0.047 M) and 340 M-1 s-1 (kcat ) 0.29
s-1, KM

serine) 0.00086 M), respectively. These findings do
not support the assumption that serine deamination is the
main function of sTrpB2o or tmTrpB2in ViVo.

DISCUSSION

Complex Formation between sTrpB2i and sTrpA. The
sequence alignment depicted in Figure 1 shows that the main
deviations of TrpB2 from TrpB1 proteins are anN-terminal
extension and two insertions in theCOMM domain (23). It
has been postulated that these additional sequence stretches
in TrpB2 prevent complex formation with TrpA (34).
Moreover, arginine, lysine, and aspartate residues conserved
in TrpB1 sequences and involved in theR-â subunit
communication within tryptophan synthase complexes are
missing in the TrpB2 sequences (Figure 1; (28)). Along these
lines, no stable complex between sTrpB2i and sTrpA could
be detected by analytical gel filtration (Figure 2A) or
sedimentation velocity runs in the analytical ultracentrifu-
gation, even in the presence of micromolar concentrations
of both proteins (data not shown). Nevertheless, sTrpB2i
activates sTrpA in steady-state enzyme kinetic measurements
up to 300-fold (Table 1; Figure 3A). Taken together, these
findings suggest that complex formation between sTrpA and
sTrpB2i is transient and occurs only in the course of catalysis.
It will be the subject of future studies to elucidate at which
stage of the catalytic cycle the two proteins associate and
by which mechanism sTrpA is activated by sTrpB2i.

It is noteworthy that sTrpA is activated by sTrpB2i but
not vice versa (Tables 1 and 2). This uni-directional
activation is a novel finding because in all previously
investigatedR-ââ-R tryptophan synthases, the two different
subunits mutually stimulate each other (53). It is interesting
to note, however, that in the complex between sTrpA and
sTrpB2i, the turnover number of the A-reaction is still lower
(0.10 s-1) by a factor of 2 compared to the turnover number
of the B-reaction (0.20 s-1). This result shows that the
A-reaction is rate-limiting for the overall turnover and that
an activation of sTrpB2i by sTrpA would not further increase
the catalytic rate of theS. solfataricustryptophan synthase
complex.

Why does sTrpB2i form a transient complex with sTrpA,
whereas sTrpB2o does not? The alignment in Figure 1

FIGURE 4: Activity titration studies to quantify the binding of sTrpA
to sTrpB2i (A) and tmTrpA to tmTrpB1 (B). (A) 0.5µM (subunit
concentration) sTrpB2i and (B) 0.05µM (subunit concentration)
tmTrpB1 were titrated at 60°C with the indicated concentrations
of sTrpA and tmTrpA, respectively. The measured activities of
complexed TrpA in the presence of 1 mM IGP were corrected for
the low activities of the isolated proteins (see Table 1) and
normalized. The titrations were performed in the absence (9) and
the presence (b) of 1 M serine. The lines show the results of fits
of the curves with (A) a hyperbolic function, yielding apparentKd
values of 0.28µM (with serine) and 22µM (without serine) and
(B) a quadratic function (eq 1), yielding apparentKd values of∼0.3
nM (without serine) and 0.4 nM (with serine).

Table 2: Steady-State Enzyme Kinetic Parameters at 60°C of
sTrpB2i and sTrpB2o, in the Absence and Presence of sTrpAa

protein
kcat

(s-1)
KM

indole

(µM)
kcat/KM

indole

(µM-1 s-1)
KM

serine

(M)
kcat/KM

serine

(M-1 s-1)

sTrpB2ib 0.20 3 0.067 0.035 5.7
sTrpB2i+ sTrpAb 0.18 6 0.030 0.046 3.9
sTrpB2oc 0.032 6 0.0053 0.151 0.21
sTrpB2o+ sTrpAc 0.033 8 0.0041 0.070 0.47

a Reaction conditions: 100 mM potassium phosphate at pH 7.5, 180
mM KCl, and 40µM PLP. b 0.76µM (subunit concentration) sTrpB2i
( 1.5 µM sTrpA. c 4 µM (subunit concentration) sTrpB2o( 8 µM
sTrpA. The measurements were made in duplicate, and the values of
the determined constants deviated by less than 30%.
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reveals a short gap in theN-terminal region of sTrpB2o,
which is filled with the three amino acids Y33, F34, and
S35 in sTrpB2i. Model building suggests that these three
residues form a tip, which protrudes into sTrpA and forms
numerous hydrophobic interactions. Ongoing mutational
studies will show whether the deletion of these amino acids
from sTrpB2i and their insertion into sTrpB2o will influence
complex formation with and activation of sTrpA.

Although the mechanism and the structural basis of the
transient interaction between sTrpB2i and sTrpA are yet
unclear, it is not unprecedented. The analysis of enzyme
kinetic data proved that functional interactions and metabolite
channelling take place between the glutaminase (PabA) and
synthase (PabB) subunits ofp-aminobenzoic synthase as well
as between glutamine phosphoribosylpyrophosphate ami-
dotransferase (PRPP-AT) and glycinamide ribonucleotide
synthetase (GAR-syn). Nevertheless, no stable complexes
between PabA and PabB or PRPP-AT and GAR-syn could
be detected (54, 55).

Implications for the EVolution of the Tryptophan Synthase
Complex. It is plausible to assume that sophisticated multi-
enzyme complexes evolved stepwise by the association of
structurally and functionally uncoupled protein subunits. The
various types of TrpB proteins make the tryptophan synthase
complex an excellent model to study the mechanisms
underlying these processes. The members of the regular
TrpB1 class ofâ-subunits are either fused to TrpA as found
in yeast (56) and fungi (57) or form tight and permanent
complexes, with dissociation constants in the nanomolar
range as found in, for example,E. coli, Pyrococcus furiosus
(51, 58, 59), andT. maritima(Figure 4B). A strong and bi-
directional activation occurs both in the TrpA-TrpB1 fusion
proteins and in the noncovalent TrpA-TrpB1 complexes
(53). The only investigated representative of the TrpB2i class
of â-subunits is sTrpB2i. It forms a weak and transient
complex with sTrpA in which activation is uni-directional
from sTrpB2i to sTrpA (Tables 1 and 2). The two character-
ized members of the class ofâ-subunits not encoded in the
trp operon are tmTrpB2 and sTrpB2o. They do not form a
detectable complex with tmTrpA and sTrpA, respectively
(34) (Figure 2B). We suggest that tmTrpB2 and sTrpB2o
represent an ancient type ofâ-subunit and propose a model
showing how TrpB2i and TrpB1 type enzymes could have
evolved from them (Figure 5). According to this model, the
ancienttrpB2 gene was duplicated, and the two resulting
copies were free to evolve with different objectives. One
copy remained outside thetrp operon astrpB2o. It either
kept an already existing function or took over a new one,
for example, acting as indole salvage protein (34). The other
copy was integrated into the operon astrpB2i, which resulted
in its coordinated expression with thetrpA gene and the
concomitant formation of a weak and transient complex with
uni-directional activation of the catalytically inefficient TrpA
subunit by TrpB2i. This situation appears to have been
conserved inS. solfataricus. Further on, TrpB2i evolved into
TrpB1, which forms a tight and permanent complex with
TrpA in which bi-directional activation occurs. This situation
is found in T. maritima. Mesophilic organisms such asE.
coli, for which TrpB2 no longer provided a selective
advantage as an indole salvage protein, lost the corresponding
trpB2 gene. Finally, the TrpB1 and TrpA genes were fused,
yielding the bi-functional tryptophan synthase polypeptide

chain as that found in yeast. This model is further supported
by the gene organization found inThermoplasma acidophi-
lum, which contains atrpA but no trpB1 gene. Its single
trpB2 gene is located outside thetrp operon, and a BLAST
search revealed that its translated amino acid sequence is
more similar to the TrpB2o than to the TrpB2i proteins of
S. solfataricus, S. tokodaii, A. pernix, P. aerophilum, andP.
torridus. We conclude that the genome ofT. acidophilum
represents an ancienttrpB gene organization. Thus, the
various types of tryptophan synthase complexes paradig-
matically demonstrate how the assembly of genes in an
operon can coincide with the stepwise adaptation of the gene
products to a highly coordinated multi-enzyme complex (60).
Although the model outlined in Figure 5 is based on the
known trpA and trpB gene organizations and the available
biochemical data of the protein products, alternative evolu-
tionary scenarios cannot be excluded. To further test and
substantiate our model, a comprehensive computational
analysis including thetrpB and trpA genes from all
sequenced archaeal and many bacterial genomes is currently
being performed. The results of this analysis will allow us
to resolve in more detail the evolutionary steps that have
led to the sophisticated tryptophan synthase complex found
in modern organisms.

FIGURE 5: Hypothetical model for the evolution of the tryptophan
synthase complex. The listed organisms provide examples of the
giventrpA andtrpB gene organizations and the interactions between
the TrpA and TrpB subunits. The horizontal arrows indicate the
direction of subunit activation. The genestrpB2o from S. solfa-
taricusandtrpB2 from T. maritimamight code for indole salvage
proteins (34). It is important to note that the species shown represent
specific stages oftrpB development whose evolution might deviate
from microbial speciation. See text for further details.
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