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Abstract The role of the extra helix o in the N-terminal
extension of the eight-fold Ba barrel of indoleglycerol phosphate
synthase was probed by point mutation and truncation. Replacing
invariant leucine 5 by valine of the enzyme from Escherichia coli
affected neither k., nor K,;, but deletion of 8 N-terminal
residues decreased solubility strongly. The similarly truncated
variant from the hyperthermophile Sulfolobus solfataricus was
soluble, and had the same k_,, value as the wild-type protein but a
220-fold greater Ky; value. These results suggest that the N-
terminal portion of helix ¢y provides for strong binding of the
substrate, but is not essential for stabilizing the bound transition
state. Thus, three enzymes of tryptophan biosynthesis operate
essentially as canonical eight-fold Bou barrels, as required for
their divergent evolution.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Proteins with the eight-fold fa (8Bc or TIM) barrel struc-
ture are a common choice of scaffold for positioning residues
of enzymatic active sites [1]. The interior of the 8Boa fold
consists of 8 parallel B strands that form a central barrel-
shaped B sheet. The P strands are connected by 8 o helices
that cover the B barrel on the outside. Over 30 different en-
zymes are currently known to possess the 8fa barrel fold [1],
and it is possible that several subfamilies of this fold have
each arisen by divergent evolution from a single ancestor
[2]. The assignment to a particular subfamily has been based
on the similarity of the elliptical barrel cross-section, the lo-
cation of inserts in particular loops, or both.

One such subfamily comprises the prototypical triose-phos-
phate isomerase (TIM [3]), and three consecutively operating
enzymes from the pathway of biosynthesis of tryptophan [1,4].
These are phosphoribosyl anthranilate isomerase (PRAI,
[5,6]), indoleglycerol phosphate synthase (IGPS, [5,7]) and
the o subunit of tryptophan synthase [8]. Each of the three
enzymes is in principle a stable and active monomer [6-9]. The
substrates are similar in having an aromatic ring connected to
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phosphate by an hydrophilic linker. The subdomains that
bind the phosphate moieties of the respective substrates of
each enzyme are structurally very similar [4]. Moreover, it is
likely that each reaction is catalyzed by the concerted action
of a general acid and a general base [10], but detailed data on
the catalytic mechanism are available only for the o subunit
of tryptophan synthase [8].

PRALI has the canonical 8fa fold such that it has no ex-
tensions of the sequence at the N- and C-termini [5]. The short
N-terminal extension that is observed with some forms of the
o subunit of tryptophan synthase is not essential for its stabil-
ity and function [11,12]. In contrast, IGPS possesses an addi-
tional helix o at the beginning of a 50 residue long N-termi-
nal extension [5,7]. It forms one wall of the active site at the
C-terminal end of the central B barrel (Fig. 1A,B), and con-
tains a single invariant residue, leucine 5 [11]. According to
the hypothesis of divergent evolution [13], IGPS should be
active as a canonical 8fo fold. Because the N-terminal exten-
sion does not fit in this hypothesis, we asked whether the
invariant helix oy of IGPS is essential for its catalytic func-
tion.

Here we used protein engineering and enzyme kinetics to
probe the role of the extra helix oy of the recombinant mono-
functional IGPS domain from Escherichia coli (eIGPS [6]) by
replacing the invariant leucine residue in the first turn by val-
ine as well as by deleting the N-terminal portion of the helix
0. Because the deletion destabilizes elGPS, the same dele-
tions were constructed in both the bifunctional enzyme
elGPS-PRAI and in the thermostable, monofunctional IGPS
from Sulfolobus solfataricus (sSIGPS [7,9]). Deletion of the N-
terminal portion of the extra helix g increases Ky but does
not affect kgyy.

2. Materials and methods

2.1. Bacterial strains and vectors

The source of the etrpC gene for the monofunctional, monomeric
elGPS domain (IGPS[1-259]) was the plasmid pMc2.C [6], a deriva-
tive of pMc5-10 [14]. Selection strain E. coli WK6 mutS [14] was
provided by Dr. Hans-Joachim Fritz, and expression strain E. coli
W3110 AtrpEA2 (tna2, trpR) as well as the plasmid pWSI1 [15] as
the source of the #rpC(F) gene by Dr. Charles Yanofsky. Dr. Dieter
Stiiber donated the expression vector pDS56/RBSII/Sphl [16].

2.2. Mutagenesis procedures

Standard protocols [17] were followed for modifying DNA. Dou-
ble-stranded DNA for large-scale preparation was isolated with the
Qiagen purification kit according to the manufacturer’s instructions.
Single-stranded DNA was produced by infection with the helper
phage M13 K07 (Pharmacia), and purified according to the manufac-
turer’s instructions. The sequence of each mutant was verified by
sequencing the entire mutant gene [18].

The L5V mutation was introduced into the trpC gene of E. coli
(etrpC) contained in the vector pMc2.C. The gapped duplex method
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[19], was used with the synthetic oligonucleotide 5'-TGC GAC GAT
TTT CGC GAC AAC GGT TTG CAT CAT-3'. It is complementary
to the first 10 codons of efrpC, except for those of LS and A6. These
replacements introduced the mutation L5V, a silent codon change for
A6, and an additional Nrul site (underlined).

eL5V was first expressed from the resulting vector pMc2.CL5V in
E. coli W3110 AwrpEA2. To boost expression, it was desirable to
subclone the #rpC genes into the expression vector pDSS56/RBSII/
Sphl [16]. To this end a new Spal site was introduced into the second
methionine codon of etrpC, using the synthetic oligonucleotide 5'-C
GGT TTG CAT GCT TTA CCC TCG-3'. It is complementary to the
first four codons of efrpC, but the first methionine codon is changed
to AGC for serine, and is therefore not expressed. Translation of
etrpC(F) appears to initiate at the second AUG codon [20]. The re-
sulting Spil-HindIIl fragment that contains the coding region of
eL5V was then inserted into pDSS6/RBSII/Sphl. The same Sphl site
was also inserted into the wild-type etrpC gene for overexpression
from the same vector in the same strain of E. coli.

The vector pWSI1 [15], which contains the efrpC(F)BA genes, was
the template for deleting the first 8 codons of erpC(F), using the
polymerase chain reaction (PCR). Primer sequences were (a) 5'-A
AGC ATG CTT GAC AAG GCG ATT TGG GTA G-3', in which
codons 2-9 of the etrpC(F) gene are deleted. This primer introduces
the same new Sphl site as used for the coding sequence of eL5V
above, as well as the codon change for A10L. Primer (b) 3'-CTT
CGA AAA CAG TCA CGC GT-5', which is complementary to the
5'terminus of the coding strand of 7rpB, introduces a new HindIII site.
The amplified gene of eA(2-9) IGPS-PRAI was inserted as Sphl/Hin-
dIII fragment into the expression vector pDS56/RBSII/Sphl and ex-
pressed as described above.

Codons 2-9 of the trpC gene of S. solfataricus (strpC) were deleted
from the vector pDS SS-1 [7] by PCR, using the following two syn-
thetic oligonucleotides as primers: (a) 5'-AA AGC ATG CGA GAC
GTC GTA CAA TTA TC-3', which deleted codons 2-9 and replaced
the codon of K10 by one for R; (b) 3’-TTC TAA TTT CTT AAA
TAT GAT ATC GAC GTC AAA-5, which introduces a new PstI
site [7]. The gene of sA(2-9) was expressed as described [7].

2.3. Protein purification

sIGPS wild-type [21] and sA(2-9) were produced as recombinant
proteins in E. coli and purified from the soluble fraction of cell ho-
mogenates as described [7]. The yields of purified proteins (mg protein
per g of wet cell paste) were: sIGPS, 1.5; sA(2-9), 0.31. Wild-type
eIGPS-PRAI was purified as described [6]. Because the expression of
the genes of eIGPS (IGPS[1-259], [6]), eL5V and eA(2-9)-PRAI em-
ployed the efficient expression vector pDSS6/RBSII/Sphl [16], these
proteins were recovered from the insoluble fraction of cell homoge-
nates, and were already about 90% pure. The purification of eL5V
and sA(2-9) was monitored by measuring the IGPS reaction [6,7], that
of eA(2-9)-PRAI by the PRAI reaction [6].

Cells were sonicated at 0°C in 0.1 M Tris-HCI buffer (pH 8.0)
containing 6 mM MgCl,, 2 mM DTE, 0.1 mM PMSF and 50 units
of the non-specific endonuclease benzonase (Merck; buffer A). All
further steps were performed at 4°C. The pellet obtained after centrif-
ugation was washed twice with buffer A, once with buffer A contain-
ing both 0.1% (v/v) Triton X-100 and 0.5 M NaCl, and finally twice
with 0.05 M K phosphate (pH 7.5) containing 2 mM EDTA, 2 mM
DTE, 0.1 mM PMSF and 0.3 M NaCl (buffer B). The washed pellet
(1 g) was dissolved in 25 ml of buffer B containing 6 M GdmCl at
25°C. The clarified supernatant was diluted 25-fold with buffer B (pH
8.0, 4°C) containing 3 M GdmCl, and dialyzed at 4°C against several
changes of 4 | each of buffer B, with stepwise decrease of pH in 0.5
pH units from 8.0 to 7.0. Precipitate was removed by centrifugation.
The supernatant was concentrated with PM-10 membranes (Amicon)
and subjected to gel filtration on a column (2.5X90 cm, 440 ml vol-
ume) of Sephacryl S-200 (Pharmacia) in buffer B (pH 7.5) supple-
mented with 2 mM EDTA, 2 mM DTE and 0.3 M NaCl. In the
case of eA(2-9)-PRAI, the gel filtration step was replaced by ion ex-
change chromatography on a column (3 cm X 25 cm, 270 ml volume)
of DEAE-Sepharose fast flow (Pharmacia). The column was equili-
brated with 10 mM K phosphate (pH 7.5) supplemented with 2 mM
EDTA and 2 mM DTE. The protein was eluted with a linear gradient
of 1.2 1 increasing from 40 to 500 mM K phosphate. Fractions with
the highest PRAI specific activity were pooled and concentrated as
above. The yields of concentrated and clarified proteins (mg protein
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per g of wet cell paste) were: eIGPS, 16.5; eL5V, 9.0; eA(2-9), 0.04;
eA(2-9)-PRALI, 0.25.

2.4. Analytical methods

Protein preparations were tested for homogeneity by SDS-PAGE
[22]. Protein concentration was determined spectrophotometrically
with the following values of A% (cm® mg™'): eIGPS-PRAI (and
eA(2-9)-PRAI), 0.84 [6]; eIGPS (and eA(2-9)), 0.81 [6]; sIGPS,
0.606 [7]; sA(2-9), 0.60 (calculated). During purification, protein con-
centrations were estimated with the Bradford assay [23], with bovine
serum albumin as standard. Molecular masses were measured by an-
alytical gel filtration experiments at 25°C in 0.05 M K phosphate (pH
7.5) supplemented with 2 mM EDTA and 2 mM DTE. The column of
Superose 12 (1 X 30 cm, Pharmacia) was calibrated using the following
standard proteins (molecular masses in kDa): cytochrome ¢ (12.4),
eIGPS (28.9), ovalbumin (43.0), eIGPS-PRAI (49.5), bovine serum
albumin (66.3), and phosphorylase » (194.8). PRAI activity was as-
sayed at 25°C in 0.05 M Tris-HCl (pH 7.5) containing 4 mM
KysMgEDTA and 2 mM DTE by monitoring the decrease of substrate
(PRA) fluorescence as described [24]. IGPS activity was assayed at
25°C in the same buffer by monitoring the increase of product (IGP)
fluorescence [25]. Both sIGPS and sA(2-9) were assayed at 25°C in
0.05 M HEPPS buffer (pH 7.5) supplemented with 4 mM EDTA [7].
Initial velocities as function of substrate concentration as well as fit-
ting of entire progress curves were used to determine values of kcy
and Ky [6,24].

3. Results and discussion

Fig. 1A presents a side view of the eIGPS domain [5] to
illustrate that the first turn of the extra helix o forms one of
the four walls encasing the active site. The loops Bioy, Boote
and Bgotg furnish the other three walls (Fig. 1B). The first 22
residues of eIGPS, including helix oy, are fixed to the surface
of the 8Pa barrel by one hydrogen bond (R19 to Y121 in og)
and 4 salt bridges: D11 to K91 in By0;, K12 to both D89 in
Be02 and D115 in Byoiz as well as K20 to D119 in Bsoas [5]. As
judged by the main chain temperature factors of eIGPS [5],
the first two turns of oy (V4—D1;) are tightly fixed to the body
of the protein and contain residue L5, which is the only in-
variant residue in the N-terminal extension. Fig. 1B shows
that residue L5, together with the invariant residues P59
(Blocl), F93 (Bzag), F116 (Bg()(g) and L188 (Bgaﬁ), forms an
hydrophobic pocket at the top of the active site [5]. It is likely
to bind the benzoic acid moiety of the substrate 1-(o-carbox-
yphenylamino)-1-deoxyribulose S5-phosphate (CdRP) shown
in Fig. 2. We therefore decided to probe the role of L5 and
the first turn of the helix oy by measuring the enzyme kinetic
constants of the following mutants of eIGPS, which are de-
fined in Fig. 3: Conservative replacement of the invariant
residue L5 by valine (eL5V), and deletion of 8 residues at
the N-terminus (eA(2-9)).

The point mutant eL5V was introduced into the etrpC gene
of E. coli (severed from its natural downstream fusion partner
etrpF, [6]) by means of the gapped duplex method [14]. This
construct was inserted into an inducible expression vector [16]
and expressed in a strain of E. coli that lacks the entire trp
operon [15]. Similar to the monomeric eIGPS domain [6], the
recombinant variant was found predominantly in the insolu-
ble fraction of the cell homogenate. It was therefore solubi-
lized in buffer containing 6 M guanidinium chloride (GdmCl),
refolded by dialysis against buffer and purified by gel filtra-
tion.

The enzyme kinetic constants of the essentially pure eL5V
are presented in Table 1. The values of ke, KGRF and the
efficiency parameter kc./K'FF differ only marginally from
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---> N-terminus

helix 00

Fig. 1. (A) Ribbon representation of the indoleglycerol phosphate
synthase domain from E. coli (eIGPS [5]). Dots label the Ca posi-
tions of the invariant residues located on the segments of the folded
protein indicated in parentheses: L5 (og), P59 (Bioq), F93 (Beow),
F116 (Bso03) and L188 (Bgts), which line the hydrophobic pocket.
(B) Enlarged view of the hydrophobic pocket. Helix o and the rele-
vant loops between strands PB; and helices a; (B;o;) are labelled and
the side chains of L5, P59, F93, F116 and L188 are presented as
ball-and-stick models.

those of the wild-type eIGPS. However, a significant differ-
ence in solubility was observed when both the wild-type and
mutant etrp genes were expressed constitutively with the mu-
tagenesis and expression vector pMc2.C [6]. As judged by
polyacrylamide gel electrophoresis in the presence of SDS
(SDS-PAGE), eIGPS was distributed evenly between the pel-
let and supernatant of cell homogenates, whereas most of
eL5V was deposited in the pellet (data not shown). Moreover,
the maximal concentration of purified soluble eL5V attainable
before the onset of aggregation (0.2 mg protein/ml) is much
lower than that of eIGPS (2-10 mg/ml [6,26]). We conclude
that the replacement eL5V shifts the equilibrium of the mono-
meric protein between the stable native and a destabilized,
aggregation-prone conformation, in favour of the latter. Since
the N-terminal residues of eIGPS (M1 and Q2, cf. Figs. 1 and
3) are fixed by crystal lattice contacts [5] and are likely to be
mobile in the dissolved molecule, it appears that L5 provides
an important anchor point for the N-terminus of helix 0. All
of the hydrogen bonds and salt bridges fixing helix oy to the
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surface of the 8Po barrel (see above) can still be formed.
Nevertheless, the conservative replacement eL5V seems to
weaken this interaction sufficiently to promote aggregation.
Because eL5V is as active as wild-type eIGPS, we undertook
the more drastic modification of deleting the first two turns of
helix o of eIGPS.

Using PCR mutagenesis, we removed 8§ codons of the etrpC
gene between M; and Dy; (Fig. 3) and replaced residue A10
(A10L), for technical reasons. The truncated etrpC gene was
inserted into the same expression vector as used for eL5V, and
expressed and purified as before. The tendency of eA(2-9) to
aggregate was even stronger than that of eL5V, so that its
kinetic constants could not be determined. We therefore con-
structed the deletion eA(2-9) in the naturally bifunctional
etrpC(F) gene. We reasoned that this measure would stabilize
the deletion mutant of the eIGPS domain. Indeed, the result-
ing protein (eA(2-9)-PRAI) was more soluble than eA(2-9).
Nevertheless, its catalytic activity was so reduced by compar-
ison to eIGPS that we could only determine the efficiency
parameter key/KGRE from the initial slope of the plot of
initial velocity versus substrate concentration (Table 1). Ana-
lytical gel filtration on a Superose 12 column showed that
soluble eA(2-9)-PRAI obtained by concentrating the pooled
fractions of the protein eluted from DEAE-Sepharose con-
sisted of only 17% monomer (Fig. 4A). The major fraction
eluted in the range of apparent dimers and hexamers. In con-
trast, the wild-type elGPS-PRALI eluted as a monomer with
less than 10% apparent dimers (Fig. 4B). Controls showed
that the ke, and Kij* values of the PRAI reaction catalyzed
by the ePRAI domain of eA(2-9)-PRAI were identical to
those observed for the wild-type ([6], data not shown). This
observation indicates that the ePRAI domain is correctly
folded and fully accessible to the substrate PRA, even in the
apparent dimers and hexamers of eA(2-9)-PRAI. To circum-
vent the problems arising from the marginal stability of the
deletion mutants of eIGPS and eIGPS-PRAI, we turned to
the recently available naturally monomeric IGPS from the
hyperthermophile S. solfataricus (sIGPS, [7,9,21]) and con-
structed the A (2-9) deletion in a thermostable background.

The N-terminal sequences of eIGPS and sIGPS have been
aligned (Fig. 3) on the basis of superimposed X-ray structures
[7]- sIGPS is four residues longer than ¢IGPS, and invariant
residue L9 of sIGPS is structurally equivalent to LS of eIGPS.
Using PCR mutagenesis we removed 8 codons of the strpC
gene of S. solfataricus between M1 and K10, including those
of both L9 and WS, the single W residue contained in sIGPS

"~ I /OH
IGPS —y
“ﬁ’ ( ) H H fCHz
NH -
| €O, N opoa2
CH, OH
\C / . IGP
—C._H __C—OPO
// H\C/H2 3
0 I
OH
CdRP

Fig. 2. The substrate and product of the reaction catalyzed by in-
doleglycerol phosphate synthase (IGPS) both possess hydrophobic
aromatic moieties connected by an hydrophilic linker to phos-
phate. CdRP, 1-(O-carboxyphenylamino)-1-deoxyribulose 5-phos-
phate; IGP, indoleglycerol phosphate.
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[21]. Residue K10 was replaced conservatively (K10R), for
technical reasons. Helix o of sIGPS is shorter (11 residues)
than helix o of eIGPS (18 residues, Fig. 3), and the deletion
sA(2-9) removes only the first turn of helix 0.

The truncated strpC gene was inserted into the same ex-
pression vector that was used for the production of sIGPS
[7], and expressed as described. sA(2-9) is a stable protein,
and was purified exactly as described for sIGPS [7]. sIGPS
excited at 280 nm fluoresces maximally at 331 nm (data not
shown), reflecting contributions from tyrosine residues and
the single tryptophan residue W8 [21]. The fluorescence emis-
sion maximum of sA(2-9) was at 304 nm as expected for a
protein containing tyrosine and no tryptophan residues. In
contrast to eA(2-9), sA(2-9) displayed no tendency to aggre-
gate, even at high concentrations. In analytical gel filtration
experiments it eluted as a single peak in the expected mono-
mer position (data not shown). These data demonstrate the
usefulness of thermostable orthologous enzymes for mutations
that otherwise destabilize thermolabile enzymes.

sIGPS is much less active at 25°C than eIGPS (Table 1;
[7D. However, in contrast to eA(2-9)-PRALI, it was possible to
measure independently both k., and KG®P of sA (2-9). Table
1 shows that the deletion of the first turn of helix o of sIGPS
increases K;9%° 220-fold without changing the value of key
significantly. The ratio of mutant to wild-type kcat/KGIRF val-
ues is 13-fold larger than that of eA(2-9)-PRAI. This obser-
vation correlates with the approx. 1:6 distribution of the pro-
tein between monomers and oligomers (Fig. 4A,B).
Intermolecular interactions leading to oligomerization of
elGPS are caused by deletion of the N-terminal portion of
helix 0, which forms one wall of the active site (Fig. 1A,B).
The simplest model for oligomerization is that deletion re-
moves an important anchor of helix o to the active site, so
that the remainder of helix o has the choice to interact intra-
as well as intermolecularly. Presumably the IGPS active sites
are blocked in the oligomers, and only the monomer form of
eA(2-9)-PRALI is active in the IGPS reaction. The observation
(see above) that the PRAI activity of eA(2-9)-PRAI is not
affected by oligomerization suggests that the PRAI domain
is not directly involved in this process. Assuming that the
preparation of eA(2-9) PRAI contains 17% active monomers
(Fig. 4A), the corrected value of ke, /KGR is 0.017 pM 1 571
(Table 1). The ratio of mutant to wild-type ke, /KGeRE values
is now similar to that of sIGPS and sA(2-9).

Previous work [6] has shown that changes in KGRP reflect
.
eA(2-9) M-~~~ - - - = LDKAIWVEAREKDOQ...
eL5V MQTVVARKIVADEKAIWVERAREIEKDO...
1 10 20

eIGPS MOTVLAKIVADEKAMATITIW EARKO...
1 10 20

sIGPS MPRYLEKGWLXDVVOQOTL LRRPSFRAS...
1 .

sA(2-9) M------- - RDVVQLSLRRPSFRAS...

Fig. 3. Indoleglycerol phosphate synthase from E. coli and S. solfa-
taricus: Sequence alignment, variants and definition of abbrevia-
tions. Alignment of N-terminal sequences of IGPS from E. coli
(eIGPS) and S. solfataricus (sIGPS) based on superposition of X-
ray structures [7]. Residues of respective helix o underlined. (*)
Point mutants. (—) Deleted residues. eL5V, point mutant of eIGPS;
eA(2-9), deletion mutant of eIGPS and eIGPS-PRAI; sA(2-9), dele-
tion mutant of sIGPS. See text for details.
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Fig. 4. Deletion of the first 8 residues of eIGPS-PRAI promotes
specific oligomerization. Analytical gel chromatography at 25°C on
Superose 12 column in buffer (pH 7.5). Absorbance at 280 nm re-
corded as a function of the elution volume. (W) Monomer; (X)
dimer, (0) hexamer. (A) 25 ug eA(2-9)-PRAI purified by anion ex-
change chromatography on DEAE-Sepharose and concentrated by
ultrafiltration. The monomer peak amounts to 17% of the total
peak area. (B) 50 pg wild-type eIGPS-PRAL

directly changes in K{RF, the thermodynamic dissociation
constant of the enzyme-substrate complex. Under these spe-
cial circumstances it is clear that the strong decrease of cata-
lytic efficiency (measured by Keat/ KGR 2= Koot/ KSIBRP) is
mainly due to a dramatic decrease of affinity for the substrate
(1/K$URP), In contrast, the constancy of ke indicates that the
bound transition state of the IGPS reaction is stabilized to the
same degree with respect to the bound substrate in both the
wild-type and the deletion mutant. Because that portion of the
N-terminal extension of IGPS that is most closely associated
with the active site (Fig. 1B) is not essential for the intrinsic

Table 1
Enzyme kinetic constants of indoleglycerol phosphate synthase and
its variants at pH 7.5 and 25°C

Protein® ke 570 KGIRP kear | KGARP Ratio®
M) WM™ s

eIGPS 2.2 0.34 6.5 1.0

eL5V 2.0 0.21 9.6 1.47

eA(2-9)-PRAI - - 0.003¢ 4.5%x1074
- - 0.017¢ 26x1073 4

sIGPS 0.033 0.045 0.73 1.0

sA(2-9) 0.041 9.9 0.0042 5.8x1073

#*Abbrevations given in Fig. 3.

b(kcat/KI\(,idRP )var/(kcat/KﬁdRp)Wt .

¢Initial slope of v vs. [CARP] plot, see text.

dCalculated values, assuming that only monomers (17%) are enzymi-
cally active (Fig. 4A).
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catalytic function of IGPS, it is possible that the entire extra
helix oy may be expendable. That is to say that the intrinsic
function of IGPS is sustained by the canonical 8Ba barrel
fold, which is in keeping with the hypothesis that the three
8Pa barrel enzymes of tryptophan biosynthesis (PRAI, IGPS
and the o subunit of tryptophan synthase) have arisen by
divergent evolution from a common ancestor [1,2,13]. The
extension may have been recruited at a later stage to improve
the affinity of IGPS for its substrate. Deletion of the entire
helix oy is underway to provide further support for this hy-
pothesis.
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