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ABSTRACT: Indole-3-glycerol phosphate synthase (IGPS) catalyzes the fifth step in the biosynthesis of

tryptophan. It belongs to the large and versatile
N-terminal extension of about 40 residues. Limited

family @d)g-barrel enzymes but has an unusual
proteolysis with trypsin of IGPS fromSadtblobus

solfataricus(sIGPS) andrhermotoga maritimdtiIGPS) removes about 25 N-terminal residues and one

of the two extra helices contained therein. To assess the role of the extension, the N-terminally truncated
variants sIGPA(1—-26) and tIGPA(1—25) were produced recombinantly Escherichia coli purified,

and characterized in comparison to the wild-type enzymes. Both fA@P26) and tIGPA(1—25) have
unchanged oligomerization states and turnover numbers. In contrast, their Michaelis constants for the
substrate le-carboxyphenylamino)-1-deoxyribulose 5-phosphate are increased, and their resistance toward
unfolding induced by heat and guanidinium chloride is decreased. 2A@P26) was crystallized, and

its X-ray structure was solved at 2.8 A resolution.

The comparison with the known structure of sIGPS

reveals small differences that account for its reduced substrate affinity and protein stability. The structure
of the core of sSIGP&(1—26) is, however, unchanged compared to sIGPS, explaining its retained catalytic
activity and consistent with the idea that it evolved from the same ancestor as the phosphoribosyl anthranilate
isomerase and the-subunit of tryptophan synthase. Thegels-barrel enzymes catalyze the reactions
preceding and following IGPS in tryptophan biosynthesis but lack an N-terminal extension.

The (Ba)s- or TIM-barrel structure seems to be nature’s
favorite scaffold to constitute enzymic active sitds-8).
The canonical fa)s barrel is composed of eiglfto. units,
in which ag-strand is connected to arthelix by aga loop.
The individualBa units are linked by loops. In all known

chemically diverse reactions catalyzed by thém@). Three
consecutively operating enzymes of the pathway of tryp-
tophan biosynthesis, namely, phosphoribosyl anthranilate
isomerase (PRAB,indole-3-glycerol phosphate synthase
(IGPS), and then-subunit of tryptophan synthase (&%

(Ba)s-barrel enzymes, active site residues are located at thepossess theS()s-barrel fold. They have a common phos-

C-termini of some of the parallél-strands and also in the
Ba loops. This similarity suggests that a large fraction of
(Ba)s-barrel enzymes may have arisen from an ancestral
precursor by divergent evolution, despite the wide range of

phate binding motif infa loops 7 and 87%). The structural
and functional relationships between these enzymes, as well
as the similarity of their substrates, suggest that they have
evolved from a common ancestor.

IGPS, which catalyzes the conversion ofate@rboxyphen-

T This work was supported by the Deutsche ForSCh“ngsgemeinSChaﬁyIamino)-l-deoxyribulose 5-phosphate (CdRP) to indole-3-

(Grants STE 891/4-1 and STE 891/4-2 to R.S.) and the Swiss National
Science Foundation (Grant 31-32369.91 to K.K.).

*The coordinates of SIGR§1—26) were deposited in the Protein
Data Bank (PDB entry code 2c3z).

* Corresponding author. Phone:49-941 943 3015. Fax+49-941
943 2813. E-mail: Reinhard.Sterner@biologie.uni-regensburg.de.

8 Institut fir Biophysik und physikalische Biochemie, Univeisita
Regensburg.

Mnstitut fur Biochemie, Universitazu Koln.

Y Current address: Institut fBiophysikalische Chemie, Universita
Frankfurt, Marie-Curie-Strasse 9, D-60439 Frankfurt, Germany.

# Abteilung fir Strukturbiologie, UniversitaBasel.

4 Current address: Protein Crystallography (ZD-A/ZFA), Merck
KGaA, Frankfurter Strasse 250, D-64293 Darmstadt, Germany.

© Abteilung fir Biophysikalische Chemie, Universit8asel.

© Current address: Institute of Molecular Biology, University of
Oregon, Eugene, OR 97403-1229.

Y Current address: Pharma Research Discovery, 65/319, F. Hoff-
mann-La Roche Ltd., CH-4070 Basel, Switzerland.

glycerol phosphate (IGP) (Figure 1), carries an N-terminal
extension of the firsf-strand (Figure 2). This extension is
absent in PRAI and T& which seems to contradict the
hypothesis of divergent evolution. This N-terminal extension
is about 40 residues long and includes both helixthat
lines the active site cleft and helix00 at the opposite face
of the barrel. Earlier deletion studie8)(found that the

1 Abbreviations: PRAI, phosphoribosyl anthranilate isomerase; IGPS,
indole-3-glycerol phosphate synthase; sIGPS, IGPS fgutfolobus
solfataricus tIGPS, IGPS fronThermotoga maritimasIGPS\(1—26)
and tIGPA\(1—-25), N-terminally truncated sIGPS and tIGP8p€,
ttrpC, g2rpCA(1—-26), and trpC A(1—-25), genes encoding sIGPS,
tIGPS, sIGP&(1-26), and tIGP&(1—-25); TSy, a-subunit of tryp-
tophan synthase; CdRP, @-€arboxyphenylamino)-1-deoxyribulose
5-phosphate; rCdRP, reduced CdRP.

10.1021/bi051640n CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/23/2005



16406 Biochemistry, Vol. 44, No. 50, 2005 Schneider et al.

o Thermotoga maritimdtIGPS (L0)] and investigated their
—® o—@) catalytic and structural properties as well as their thermo-
§° . | on stabilities. TheKy values for the substrate b-Carboxyphen-
IGP

COOH

: N 0
N
H

CdRP

Ficure 1: Reaction catalyzed by IGPS. The substrateo-1-(
carboxyphenylamino)-1-deoxyribulose 5-phosphate (CdRP) is con-

OH
OH

H,0

combinantly truncated variants sIGR8—26) and tIGPS-

ylamino)-1-deoxyribulose 5-phosphate (CdRP) of the re-

A(1—25) are drastically increased compared to those of the

verted into the products indole-3-glycerol phosphate (IGP), carbon Wild-type IGPSs, and their stabilities toward heat inactivation
dioxide, and water. and chemical unfolding are decreased. However, the catalytic

N-terminal portion of helixaO is not essential for catalysis
but rather for effective substrate binding, suggesting that the

catalytic function of IGPS is sustained even by the canonical Molecular replacement. A comparison with native sIG8)S (
(Ba)s barrel. shows that the entire helig0 can be removed without

turnover numbers are unchanged. The X-ray structure of
SIGPS\(1-26) has been solved at 2.8 A resolution by

To elucidate the role of the N-terminal extension of IGPS significant effects on the structural core of the enzyme. These
further, we constructed more extensively truncated variantsresults therefore support a common evolutionary origin of
of IGPS from Sulfolobus solfataricugsIGPS @)] and the three fa)s-barrel enzymes of tryptophan biosynthesis.
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Ficure 2: (A) Ribbon representations of the sIGPS (PDB entry code 1IGS) and tIGPS (PDB entry code 1I14N) structures. The drawing
gives the N-terminal extension in dark blue and the subsequent eight canémiozdules in rainbow colors. Limited tryptic proteolysis

of sSIGPS and tIGPS occurs at the C-termini of R26 and R28, respectively, which are shown in ball-and-stick representation. W8, which is
located on helixx0 of sSIGPS and contributes to the hydrophobic pocket at the active site, is also shown in ball-and-stick representation.
The catalytically essential lysine (K110 and K108, respectively) and glutamate (E159 and E157, respectively) residues are represented as

black spheres. (B) Amino acid sequence alignment between sIGPS and tIGPS, performed with CLUSPALh#tp(//www.ebi.ac.uk/

clustalw). Residues belonging to-helices and3-strands are marked with H and S, respectively. Identical residues between sIGPS and
tIGPS are indicated by}, and invariant residues for a set of 19 IGPS sequences are indicated by (8). The same residues are marked as in

(A).



N-Terminal Extension of aga)s-Barrel Enzyme
MATERIALS AND METHODS

DNA Manipulation and Sequence Analys$tseparation of
DNA, amplification, extraction with restriction endonu-
cleases, and sequencing were performed as descrilied (

Cloning of strpC, strp@(1—26), ttrpC, and ttrp@Q(1—
25).The grpC gene encoding sIGPS was amplified by PCR,
using $rpC-pDS56/RBSII/Sphlg) as the template and the
oligonucleotides 53CTA GCT AGC ATG CCA CGT TAT-

3 and 3-CCG CTC GAG TAG TAT AAA TTC-3'
(restriction sites in bold) as’band 3-primers. The ttpC

Biochemistry, Vol. 44, No. 50, 2009.6407

°C. In the case of the wild-type enzymes sIGPS and tIGPS
the extracts were then incubated at G for 15 min to
precipitate thermolabile host proteins. In the case of the
N-terminally truncated variants, heating was performed at
55 and 65°C, respectively. However, these temperatures
were not high enough for an efficient enrichment of either
SIGP3\(1-26) and tIGPA(1-25) and were therefore
omitted in most purifications. The heat-precipitated host
proteins were removed by centrifugation (Sorvall RC 5 plus,
rotor 22500, 12000 rpm, 20 min,°*€), and the supernatant
was applied at room temperature onto &'Nihelate affinity

gene encoding tIGPS was also amplified by PCR, using column (AKTA basic 10 better chromatography system,

ttrpC-pET21af) (12) as the template and the oligonucle-
otides -GGG AAT TCC ATATG A GAA GAC TC-3 and
5'-CCG CTCGAG CTC TGA CCA TGC-3 (restriction
sites in bold) as'5 and 3-primers. Both genes were cloned
into pET21af), using the restriction endonucleaddbd
and Xhd for strpC andNdd and Xhd for ttrpC. The 3-
primers for the amplification oftgpC and for the amplifica-

Amersham Bioscience; POROS MC/20 column, volume 7.8
mL, Applied Biosystems) that had been equilibrated with
100 mM potassium phosphate, pH 7.5, and 300 mM KCI.
The bound proteins were eluted with 10 column volumes of
a linear gradient of 8600 mM imidazole dissolved in the

same buffer. sIGPS, tIGPS, and their N-terminally truncated
variants eluted between 50 and 200 mM imidazole. The

tion of ttrpC were designed such that the internal stop codons fractions containing pure protein (as judged by SIPAGE)
were deleted. As a consequence, six plasmid-encoded hiswere pooled, dialyzed against 100 mM potassium phosphate

tidine codons were added to theehd of the genes, which
allowed the purification of the protein products by metal
chelate affinity chromatography. ThergCA(1—26) and
ttrpCA(1—25) genes encoding sIGREL—26) and tIGP3A-
(1—25) were cloned into pET21#{ in an analogous way

buffer, pH 7.5, concentrated by ultrafiltration, dripped into
liquid nitrogen, and stored at80 °C. The yields were
between 10 and 40 mg of protein o2 L of growth
medium.

Trypsin Digestion and N-Terminal Sequencis§sPS and

as described for the wild-type genes, using the sametiGPS were incubated with trypsin at a molar ratio of 10:1
templates, the same restriction endonucleases, and the sam@ 100 mM potassium phosphate, pH 7.5 at Z5 After

3'-primers. However, the 'Hrimers 5-CTA GCT AGC
ATG CCA CGT TAT-3 and 3-GGG AAT TCC ATATG A
GAA GAC TC-3 (restriction sites in bold) were designed
such that the first 78 bp and 75 bp were deletedtipG
and trpC, respectively.

different time intervals, aliquots were taken, and the reaction
was stopped by adding an equal volume of 3DS-PAGE
buffer, followed by SDS-PAGE. The proteins were Western-
blotted (semidry transfer unit model TE70, Hoefer Pharmacia
Biotech) onto a polyvinylidene fluoride membrane, stained

Heterologous Gene Expression and Purification of the by Coomassie blue, cut from the dried membrane, and

Protein ProductsExpression was conductedBischerichia
coli BL21-CodonPlus(DE3) RIPL cells (Stratagene), which

contain the gene for the phage T7 polymerase on their

N-terminally sequenced by automated Edman degradation
(Applied Biosystems Procise).
Analytical Methods, Steady-State Enzyme Kinetics, and

chromosome and plasmids for tRNA genes that are rarely Ligand Titration StudiesSDS-PAGE, analytical gel filtra-

used inE. coli. An overnight culture of freshly transformed
cells containing LB medium with ampicillin (0.15 mg/mL),

tion, fluorescence emission and circular dichroism spectro-
scopy, and estimation of protein concentrations were per-

chloramphenicol (0.03 mg/mL), and streptomycin (0.1 mg/ formed as describedl8). The catalytic activity of IGPS

mL) was used to inoculat2 L of thesame medium, which
was stirred at 37C until the OQyy reached a value between

variants using the enzymatically produced substrate CdRP
was monitored fluorometrically as describeldl(15). The

0.5 and 0.6. Expression was induced by adding 1 mM IPTG values for the steady-state enzyme kinetic param&tgiend

and continued overnight. Cells were harvested by centrifuga- Ky©“RPwere determined from saturation curves, which were
tion (Sorvall RL 5B plus, GS3 rotor, 4000 rpm, 20 min, 4 constructed from initial velocity measurements recorded at
°C), resuspended in 30 mL of 100 mM potassium phosphate 25 °C in 50 mM EPPS buffer, pH 7.5, 4 mM EDTA, and 1
buffer, pH 7.5, lysed by sonification (Branson sonifier W-250 mM DTT in the presence of various concentrations of CdRP.
D, 2 x 2 min, amplitude 50%), and centrifuged again Whereas sIGPS, tIGPS, and tIGRE—25) showed hyper-
(Sorvall RC 5 plus, rotor 22500, 12000 rpm, 20 mirf,G). bolic saturation curves, the saturation curve of SIGPS-

The analysis by SDSPAGE showed that sIGPS was present 26) was linear over the entire tested concentration range (0
in equal amounts in the soluble and the insoluble fractions 312 uM) of CdRP. As a consequence, only the catalytic
of the cell extract. In contrast, both sIGRE—26) and efficiency paramtek../KyRP could be determined for this
tIGPSA(1—25) were found almost exclusively in the soluble variant but not the separatey and Ky©RP values. The
fraction. For unknown reasons, tIGPS was found mainly in binding of the substrate analogue reduced CdRP (rCdRP) to
the soluble fraction of cultures that were grown without IPTG tIGPS and tIGP&(1—25) at 25°C in 50 mM EPPS buffer,
but was absent from both the soluble and insoluble fraction pH 7.5, 4 mM EDTA, and 1 mM DTT was followed by
of cultures containing 1 mM IPTG. All proteins were purified fluorescence energy transfer and analyzed as desciiiéed (
from the soluble fraction of the cell extract, which was first ~ Heat Inactvation. The kinetics of irreversible heat inac-
dialyzed against 10 mM potassium phosphate, pH 7.5. Totivation were measured as describ8&)l The proteins were
fragment nucleic acids, 250 units of benzonase and 2 mM incubated in 50 mM EPPS buffer, pH 7.0, containing 4 mM
MgCl, were added, followed by an incubatiorrfbh at 37 EDTA at 75°C [sIGPS and sIGP&1—26)] or 80°C [tIGPS
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Table 1: Data Collection and Refinement Statistics of
SIGP\(1-26)

Data Collection

unique reflections 5474
max resolution (A) 2.7
redundancy 2.8
completeness (%) 96.4
/o0 5.6
reflections> 30 (%) 715
Reym 0.102
Refinement
resolution range (A) 10:62.8
meanB value of protein atoms 19.8
meanB value of ligand atoms (. 23.4
meanB value of water atoms (A 31.7
rms distances (A) 0.011
rms bond angles (deg) 1.874
R-factor (all data) 0.18

2 Rsym = Y il [Fi(hKD| — [F(hKD[I/3nadilFi(hKD]. R = Yl [Fol —
lec||/thl|Fo|-

and tIGPA(1-25)]. Aliquots were taken after different
times, chilled on ice, and centrifuged (Eppendorf 5415R,
13000 rpm, 3 min, 4°C). The residual activity of the
supernatant was measured at®®80in 50 mM EPPS buffer,
pH 7.0, 4 mM EDTA, and 2 mM DTT. The half-lives of
inactivation were calculated by fitting the decrease of the
initial velocities to a single exponential function (program
SigmaPlot 5.0).

Chemical UnfoldingsIGPS, sIGP&(1—-26), tIGPS, and
tIGPSA(1—-25) were incubated with various concentrations
of guanidinium chloride dissolved in 50 mM potassium
phosphate, pH 7.5 at Z%&. Protein unfolding was followed

by the decrease of the circular dichroism signal at 220 nm

[not for tIGPSA(1—25), which generated ambiguous results]

Schneider et al.

entry code 1IGS). The findR-factor of the refined model
including 130 water molecules and one sulfate ion is 18.0%
including all data in the range from 10.0 to 2.8 A. For a
summary of refinement statistics see Table 1. Of all residues
85.6% are found in the most favored region of the Ram-
achandran diagram. All other residues except S211 are
located in additionally allowed areas. As in wild-type sIGPS
(9, 19) S211 adopts an unfavorable conformation itk
49.7 andy = 152.7.

RESULTS AND DISCUSSION

Preparation of sSIGPA(1—-26) and tIGP&(1—-25). Be-
cause both sIGPS and tIGPS carry about 10 Arg and Lys
residues in the N-terminal sequences preceding stfdnd
(Figure 2), we tested their partial or complete removal by
trypsin at 25°C. The progress of the reaction was monitored
by SDS-PAGE, which identified one major digestion
product for each enzyme. N-Terminal sequencing revealed
that trypsin cleaved sIGPS about as efficiently at the
C-termini of either R23 or R26 and tIGPS exclusively at
the C-terminus of R28. The sequence alignment (Figure 2B)
shows that R26 in SIGPS corresponds to V25 in tIGPS, which
are located in the loop connecting heliegg® anda00. The
canonical fga)s barrels are apparently resistant to tryptic
cleavage under these conditions. To obtain large amounts
of sIGPS, sIGP&(1-26), tIGPS, and tIGP&(1-25), the
corresponding genes were cloned by PCR into pET2)1a(
and were heterologously expressedEncoli. The recom-
binant proteins were enriched from the soluble cell extract.
As judged by SDSPAGE, the final preparations were more
than 95% pure.

Oligomerization StatesBoth sIGPS 9) and tIGPS 10)
are intrinsically monomeric proteins. tIGPS can dimerize,

and of the fluorescence emission at 320 nm after excitation however, by oxidative disulfide formation between its unique,

with 280 nm [not for sIGP&(1—-26), which contains no
tryptophan residues]. The signals were followed after dif-
ferent time intervals until no further change was observed.
Moreover, the proteins were completely unfolded in 6 M
guanidinium chloride, and refolding was induced by remov-
ing the chaotropic reagent by means of dilution into 50 mM
potassium phosphate, pH 7.5 at Z5.

Crystallization of sIGPA(1—26) and Data Collection.
Crystallization was performed by the hanging drop vapor
diffusion method at £C. Crystals were grown by mixing
equal volumes of a reservoir solution containing 30% PEG
8000 and 0.2 M ammonium sulfate as precipitants in 0.1 M
MES buffer at pH 6.5, with protein concentrated to 40 mg/
mL. X-ray diffraction data from a single crystal of ap-
proximate size 0.1x 0.1 x 0.3 mn? were collected on a

exposed cysteine (C102) resid2€) Analytical gel filtration

was performed to check whether the N-terminal deletion of
about 25 residues affects the oligomerization states of both
proteins. sIGPS and sIGREL—-26) eluted as single sym-
metric peaks corresponding to molecular masses of 23.5 and
26.3 kDa (data not shown), which are somewhat lower and
identical, respectively, than the calculated monomer values
of 28.6 and 26.4 kDa. In contrast, both tIGPS and tIGPS
(1—25) eluted as two peaks. The trailing peaks correspond
to molecular masses of 24.2 and 28.2 kDa, similar to the
calculated monomer values of 28.7 and 26.6 kDa. The
leading peaks correspond to dimer masses of 39.3 and 47.1
kDa. Obviously, the tendency of tIGPS to form covalently
linked dimers seems to be retained in tIG¥$—-25). Thus,

we conclude that the N-terminal truncations do not change

MAR-Research image plate area detector mounted on athe association states of sIGPS or tIGPS.
rotating anode generator. Data evaluation was performed with  Catalytic Actiities. To better understand the functional

MOSFLM and the CCP4 suite of progranis/). The space
group of the measured crystal?2,2,2; with cell dimensions
a=139.2 A b=2614 A andc = 80.4 A. The crystal,
containing one molecule per asymmetric uMi; (= 1.92),

role of the N-terminal extensions, steady-state enzyme kinetic
studies were undertaken to compare the wild-type enzymes
with their truncated variants. Table 2 summarizes the
turnover numbersky) and the Michaelis constantig©9RF)

had a solvent content of 35.9%. Statistics on the dataas well as the catalytic efficiency parametekg<yceR?

collection are summarized in Table 1.

Structure Solution and Refinementhe structure of
sIGP3\(1—-26) was solved by molecular replacement [X-
PLOR (8)] using the structure of sIGPS that was truncated
by the first 26 amino acids as the search mo&gl(PDB

at 25°C that were deduced from substrate saturation curves.
Since the catalytic rate of SIGREL—-26) is a linear function

of CdRP up to the highest assayed concentration of342

its Ky©9RPvalue must be strongly elevated compared to that
of sIGPS. From thék../Ky“RP value, which was deduced
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Table 2: Steady-State Enzyme Kinetic Constants of sIGPS, tIGPS, and Their Truncated Variant€%at 25

protein Keat (S7Y) K C9RP (uM) Keal KmCRP (571 uM 1) Rd
sIGPS 0.025+ 0.007 0.09t 0.05 0.28+ 0.2 1.0
SIGPS\(1-9)° 0.041 9.9 0.0042 5.8 103
sIGPS\(1—-26) >0.028 >312 9.2x 1075 3.3x 10+
tIGPS 0.095+ 0.03 0.025+ 0.02 3.8+ 1.0 1.0
tIGPSA(1-25) 0.06+ 0.02 0.69+ 0.03 0.087+ 0.06 2.3x 1072

a Conditions: 50 mM EPPS buffer, pH 7.5, 4 mM EDTA, and 1 mM DTT. The mean values and standard deviations from three independent
measurements are showrValues from ref8. ¢ is a linear function of the substrate concentration up to at least [C#RB12 uM. ¢ Ratio
(Keal Km) 27 (Kead Kin)™.

Table 3: Stabilities of sIGPS, tIGPS, and Their N-Terminally Table 4: Hydrogen Bonddetween the 26 N-Terminal Residues
Truncated Variants toward Irreversible Heat-Induced Inactivation and the Ba)g-Barrel Core of sIGP'S
and Reversible Chemical Unfoldihg

N-terminal extension barrel core distance (&)
incubation half-life Dyf

. . Pro2 N Glul41 @2 2.73

protein temp CC) (min) (M GdmCl) Arg3 N lle136 O 298
sIGPS 75 123 2.7 Arg3 Ne Leul37 O 2.93
SIGP3\(1—-26) 75 2.9 2.1 Arg3 N»2 Vall34 O 3.14
tIGPS 80 258 2.0 Lys6 N& Glul85 G2 3.56
tIGPSA(1—-25) 80 6.3 1.9 Trp8 Nel Leul84 O 2.76
@ncubation buffer: 50 mM EPPS, pH 7.0 at the indicated temper- ﬁzgﬁ 8;3 'Il_'il/?gg(,\)% ggg
ature, and 4 mM EDTAP Incubation buffer: 50 mM potassium Leul? O Lys115 Iy 2.83
phosphate, pH 7.5 at 2%, and various concentrations of guanidinium Arg19 O Lys115 N 2'66
chloride (GdmCI).t Concentration of GAmCI that is necessary to unfold Arg19 Nyl Thrs4 O 3.22
50% of the protein. Arg19 NyL Asp1ll @2 3.06
Arg19 N2 Thrg4 O 2.95

from the slope of the graph, it follows that its turnover Phe22 N Aspl21 o1 2.76
number must also be increased compared to sIGPS. Similarly, Phe22 O Asn124 Ol 3.44
; . ! Arg26 Ne Arg28 O 2.60

SIGPS\(1—9) lacking the N-terminal loop and the first turn Arg26 Nyl Tyr123 0 283
of helix a0 has &, value comparable to that of sSIGPS and Arg26 Nij1 Alal27 O 2.73
a 100-fold increaselyRPvalue @). By selecting mutants Arg26 Nij2 Pro29 O 3.55
of SIGPS that promote increased turnover at low tempera- Arg26 Ny2 Gly126 O 3.57
Arg26 N2 Aspl28 @1 3.23

tures, among others, the variant sIGPS-R240-28) was
isolated @1). It contains a large deletion similar to SIGRS and accentor (A 3.7 A anale Co-Do--A > 90 and andle Gi—
_(1_2_6)' The kear value of “GP&(J'_Z_S) 1S practlcal_ly A-D > gO". C(:ad)jsdenote' thegcaﬁ:)dé)n atoms covalently b%un%djto the
identical to that of tIGPS. However, it&y“RP value is respective donor (D) or acceptor (A) atori$DB entry code 1IGS
increased almost 30-fold. Fluorometric titration of tIGRS (9).
(1—25) with the substrate analogue reduced CdRP (rCdRP)
yielded a value for the thermodynamic dissociation constant somewhat higher [SIGPS versus sIGR$-26)] and almost
(Kp'®RP of 0.46uM, which is similar to theKy®RP value identical [tIGPS versus tIGR§1—25)] (Table 3). These
of 0.69uM (Table 2). Titration of 1uM tIGPS with rCdRP results suggest that the native extension, including loeix
resulted in a linear curve up to about equal molar concentra-considerably increases the kinetic barrier for inactivation of
tions of the ligand. These findings suggest that K& dRP both sIGPS and tIGPS but has only a limited influence on
of tIGPS is at least 1 order of magnitude smaller than the their conformational stabilities. The removal of the N-
KpCdRPof tIGPSA(1—25). Taken together, these results show terminal extension also seems to modify the chemically
that the entire helbaO is expendable for catalysis of the induced unfolding mechanism of IGPS at equilibrium. At
IGPS reaction but that its stepwise deletion results in a pH 7 only the fully native and unfolded states of sSIGPS are
stepwise and dramatic loss of substrate binding affinity.  populated. At pH 9, however, an equlibrium unfolding
Stability Measurement3hermal stabilities were assessed intermediate of sIGPS was detected2) In contrast,
from the kinetics of irreversible heat inactivation. The sIGP3\(1—26) seems to unfold via an intermediate even at
proteins were incubated at 7& [sIGPS and sIGPS(1— pH 7 (23). It was argued that, at pH 7, the N-terminal
26)] or 80°C [tIGPS and tIGPA(1—25)]. Samples were  extension may selectively stabilize the native state relative
drawn after different time intervals, chilled on ice, and tested to the intermediate by forming salt bridges and hydrogen
for their residual activities at 50C. The resulting half-lives ~ bonds with the core of the barrel (Table 4). These interactions
(ty2) show that the N-terminally truncated variants lose would be absent in sSIGR§1—-26) and weakened at pH 9
activity about 40-fold faster than the wild-type enzymes in sIGPS, due to the titration of positively charged groups
(Table 3). The resistance toward unfolding induced by with abnormally low K, values R2). As a consequence,
guanidinium chloride (GdmCI) was monitored by circular the relative stabilization of the native state would no longer
dichroism and fluorescence spectroscopy to follow the loss occur, and the population of the intermediate would increase
in secondary and tertiary structure, respectively. For all to a detectable leveP@). Along the same lines, the unfolding
proteins, chemical denaturation was reversible. The concen-of tIGPSA(1—-25) at pH 7 takes place in several phases,
tration of GAMCI Dy/,) necessary to unfold 50% of the wild-  which suggests that an intermediate is significantly populated.
type proteins compared to the truncated variants was At the same pH value, the unfolding of tIGPS occurs in a

a As judged by the following criteria: distance between donor (D)
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posed (Figure 3A). Figure 3B depicts the distances between
equivalent @ positions as a function of the residue number
(rms deviation 0.68 A). The largest deviations are found
between residues P57 and L60 in Igétm1. However, this
region is highly variable in different crystal forms of wild-
type sIGPS as well, depending on pH and ionic strentfh (
Therefore, the observed deviations seem not to be caused
by deleting the N-terminal extension, and the structure of
the canonical fo)s-barrel core of sIGPS is unaffected by
removal of helixa0.

The IGPS reaction consists of a sequence of condensation,
decarboxylation, and dehydration steps and is practically
irreversible, due to both the formation of the pyrrole ring of
indole and the release of GOX-ray structure 24) and
mutational analysis24, 25) imply that the side chains of
K110 and E159 of sIGPS act in the reaction as general acid
N I T I N T and general base and that residues E51 and K53 assist
catalysis by forming specific salt bridges with K110 and the
carboxylate moiety of the substrate CARP. The location and
conformations of all of these residues are identical between
sIGPS and sIGP&(1—26) within experimental error, which
YW AW AT VTV ANV T explains why thek.y values of the N-terminally truncated
29 54 79 104 129 154 179 204 229 variants are practically identical to those of the wild-type

Residue enzymes (Table 2). In the wild-type enzyme, the hydrophobic

ket that mmodates th nzene moiety of th
Ficure 3: (A) Superposition of the & traces of sIGPS (yellow; pog te t Eédsgco d t(;]da esb t et be |e © ode Y ((j) CdSP
PDB entry code 1IGS) and sIGREL—26) (blue; PDB entry code substrate an € substrate analogue reduce

2¢3z) with Swiss PDB viewer. The N- and C-termini of the protein  (TCdRP) @4) is formed by residues P57 (logflal), F89
chains are labeled. (B) Distances between equivalerp@sitions (loop 520.2), and F112 (loop3a3), the hydrophobic tail of
of wild-type SIGPS and sIGR§1-26). The arrow in (A) and the  R182, 184, and L187 (loof6a.6), and W8 (on helixx0).

large peak in (B) mark residues 580. The deviation between ; ;
the two structures in this region is not related to the truncation of Figure 4 shows the hydrophobic pocket of sIGRS-26)

the N-terminal extension but is due to the high flexibility in the SUPerimposed on that of wild-type sIGPS in complex with
wild-type structure 19). rCdRP @4). The backbone conformation of logidal with
P57 in sIGPA(1—26) differs slightly from that of the wild-

more cooperative manner, in accordance with the presenceype enzyme due to its intrinsic flexibility as described in
of lower concentrations of the intermediate (data not shown). Figure 3. In contrast, the backbones of logi2s2, 5303,

X-ray Structure of sIGPS(1—26). The crystal structure  and 3606 are essentially identical in both structures. The
of SIGPSA(1—-26) was solved to understand better the side chain of F89 remains unchanged upon removal of helix
different performances and stabilities of SIGPS and si&PS 0. However, the phenyl ring of F112 is rotated by
(1-26). It has the same3@)g-barrel fold as the wild-type  approximately 30 aroundy? and the side chain of L184
enzyme except that the entire heti® and the first half of has shifted toward the solvent. As shown in Table 2, deletion
loop a00.00 are missing. No electron density was found for of residues 19 of sSIGPS does not altég, appreciably but
the N-terminal residues Q27 and R28. These residues wergncrease&y R"significantly. Since residues-T are distant
therefore discarded from the model. For a more detailed from the substrate binding site, it is likely that the loss of
comparison, the gtraces of sIGPS (PDB entry code 1IGS) W8 (and posssibly L9) is mainly responsible for the
and sIGPA(1-26) (PDB entry code 2c3z) were superim- decreased substrate binding affinity of sIG{$-9). The

A

Distance [A] W

o = N W R

loop Péob loop poas
loop Blel 3 ;

loop Blal P

Ficure 4: Ball-and-stick representation of the hydrophobic pocket at the active site of SIGPS. The structures of wild-type sIGPS with
bound rCdRP (carbon atoms in black, oxygen atoms in red, nitrogen atom in blue, phosphorus atom in magenta, and bonds between atoms
in yellow) (PDB entry code 1LBF) and sIGRE1—26) (PDB entry code 2c3z) are superimposed. The drawing was produced with
MOLSCRIPT @7).
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rationalized on the basis of the structures of sIGPS and
sIGP3\(1—26). Numerous stabilizing contacts between side
chains of the N-terminal extension and the canoniBa)){
barrel, as well as key residues involved in binding CdRP,
are lost in the truncated protein. The intrinsic enzymatic
function of IGPS, however, does not require the extension,
which proves that all catalytic residues are provided by the
barrel core of the enzyme. This notion is in keeping with
the hypothesis that TIM-barrel enzymes involved in the
tryptophan biosynthesis have diverged from a common
ancestor during evolutiord).
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Ficure 5: 2F, — F. electron density map contoured at 100
viewing the hydrophobic pocket at the active site of SIGPS-
26). The water-filled cavity (magenta spheres) that arises by the

cleavage of the N-terminal extension is in the wild-type enzyme
partially occupied by the hydrophobic side chains of residues W8
and L9 at the N-terminus of helig0. The figure was produced
with “O” (28).

further increased©9RP of sIGPS\(1—26) might be at-
tributed to the deletion of L12 and V13, which are notan
integral part of the hydrophobic (r)CdRP binding pocket but
are located close enough to influence substrate affinity. In

the absence of either substrate or product molecules, the 3

active site of sSIGP&(1—26) forms an hydrophobic channel
that is filled with crystallographically well-defined water
molecules (Figure 5). These water molecules might compete
with the substrate for binding to the active site and thus also
contribute to the highky value for CdRP. In the wild-type
enzyme this cavity is covered by hel®0, and some water
molecules that are closer to the protein surface are displaced ¢
by the side chains of W8 and L9.

The interaction of the N-terminal extension with tifieds-
barrel core of SIGPS has been analyzed on the basis of the
wild-type structure. Most of these interactions are formed
by hydrogen bonds, which are listed in Table 4. In addition,

4

salt bridges are found between R3 and D165, K6 and E185, 8

and R19 and D111 as well as R26 and D128. From these
ion pairs R3/D165 and K6/E185 are observed in only one

out of three different sIGPS crystal formd9 and can 9.

therefore be classified as weak, transient interactions. In
contrast, the salt bridges R19/D111 and R26/D128 seem to
be highly specific and strongly supported by the molecular
context (for a detailed description see réfand19). Since
structural differences between thgngs-barrel cores of wild-
type and truncated sIGPS are restricted to minor conforma-
tional rearrangements (Figure 3), it is apparent that the 14
disruption of the hydrogen bonds and salt bridges between
the N-terminal extension and the core are crucial for the
decreased stability of sIGR$1—26) compared to sIGPS
(Table 3).

CONCLUSIONS

13.

The comparison of thermal inactivation and steady-state
enzyme kinetic data of sIGPS and tIGPS with sI@QP5-
26) and tIGPA(1—25) shows that the N-terminal helxO
is important for both resistance to irreversible thermal
inactivation and substrate binding. These findings can be

10.

12.

Figures 2A and 3A.
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