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ABSTRACT. The gene for chorismate mutase (CM) from the archdethanococcus jannaschén extreme
thermophile, was subcloned and expresse@snherichia coli This gene, which belongs to tteoQ

class of CMs, encodes a monofunctional enzyme (Ar@Ble to complement the CM deficiency of an

E. colimutant strain. The purified protein follows MichaeliMenten kinetics K.t = 5.7 st andKy, =

41 uM at 30°C) and displays pH-independent activity in the range of pt95 Its activation parameters
[AH* = 16.2 kcal/mol ASF = —1.7 cal/(moiK)] are similar to those of another well characterized AroQ
class CM, the mesophilic Argf@lomain fromE. coli. Like AroQp, the thermophilic CM is am-helical

dimer, but approximately 5 kcal/mol more stable than its mesophilic counterpart as judged from equilibrium
denaturation studies. The possible origins of the thermostabilityl.gannaschiiAroQ;, the smallest
natural CM characterized to date, are discussed in light of available sequence and tertiary structural
information.

Chorismate mutase (CMpccupies a central position in The members of one class of CM, represented by the CM
the biosynthetic pathway leading to the aromatic amino acids domain of the bifunctionaEscherichia coliCM—prephenate
Phe and Tyr in bacteria, fungi, and plant$. (CM catalyzes dehydratase, are all-helix-bundle proteins. Most monofunc-
the Claisen rearrangement of chorismate to prephenatetional prokaryotic CMs, and all CM portions of bifunctional
Because this is a rare example of an enzyme-acceleratecenzymes, show clear primary structural similarity to the
pericyclic reaction, the enzyme has received much attentionMmonofunctional CM encoded bgroQ: from Erwinia her-
during the past 3 decades(5; and references cited therein). Picola (see Figure 1). To indicate the relationship among
With the recent determination of crystal structures of three these catalysts, the CMs (or CM domains of bifunctional
natural CMs 6—9), together with a wealth of primary enzymes) were recently renamed by Jensen and co-wprkers
sequence information (Figure 1), it has become clear that at?s AI0Q, AroQp AroQ, or AroQy, where the subscript
least two entirely different protein folds have evolved to

indicates whether the CM is monofunctional or fused to a
accelerate the chorismate-to-prephenate rearrangement b rephenate dehydratase, a prephenate dehydrogenase, or a
factors of>1CF (3).

-deoxyp-arabinoheptulosonate-7-phosphate synthase do-
main, respectively10). Although CM proteins from eu-
karyotes share very little primary amino acid sequence
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EcCM, CM domain consisting of the 96 N-terminal amino acids of as AroQ.
Escherichia coliCM—prephenate dehydratase (ArpRheA) followed The AroQ class can be contrasted with the AroH class of

by a Glu-(His} tag; ESI-MS, electrospray ionization mass spectrometry; . . .
GdmCl, guanidinium chloride; IPTG, isopropy! 1-thibe-galactopy- CM, whose prototypic representative is AroH frdacillus

ranoside; MALDI-MS, matrix-assisted laser desorption/ionization mass Subtilis  AroH has a completely different three-dimensional
spectrometry; MjCM, the 99 residudethanococcus jannaschiM structure consisting of a trimeric pseudds-barrel @, 7).

domain (AroQ) fused to a Leu-Glu-(Hig)tag; MjCM', the first 93 ; ; ;
residues of MiCM, followed by Leu-Glu-(Hig) MW, molecular weight Interestingly, however, the active sites of both enzyme classes

PCR, polymerase chain reaction; PMSF, phenylmethanesulfony! fluo- @re similarly functionalized3-5), suggesting that they arose
ride; SDS, sodium dodecyl sulfate. by a process of convergent evolution. To date, only one
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other sequence has appeared in GenBank that shows strong Construction of PlasmidspKMCMT-W was constructed

similarity to AroH; it is encoded by the putative open reading
frame sll0109 from the cyanobacteriuBynechocystisp.
strain PCC6803.

The completion of the first genome sequencing project
for an archeon, the hyperthermophilic and prototrophic
Methanococcus jannasch{iL2), offered an excellent op-
portunity to explore how an extreme thermophile that grows
optimally at 85°C accomplishes the chorismate-to-prephen-

as follows. First, three overlapping PCR products were
generated separately, using AMJHG11 as the template DNA.
Unique restriction sites were incorporated into the primer
sequences (underlined) without altering the corresponding
protein sequence. PCR1 (83 bp) was obtained with primers
MCM1S (AAAGGAAGCATATGATCGAGAAACTTGCT-
GAAATTAGGA) and MCM1N (AGCAATTAGCTTAAG-
TATCTTATTGTCAATCTCATCAAT), PCR2 (213 bp) was

ate transformation. From the evolutionary distance of the obtained with primers MCM2S (AATAAGATACTTAAG-
archeon to either Bacteria or Eukarya, it was intriguing to CTAATTGCTGAAAGAAATAGT) and MCM2N (CTTTTG-
determine to which class the archeal enzyme would belong. GAGGGCCTTATTATGCTCTATAAGTATTTGAA), and

Based on sequence similarity analysis, we find evidence for PCR3 (72 bp) was obtained with primers MCM3S (GCAT-

only a single CM gene iM. jannaschiis genome. The

AATAAGGCCCTCCAAAAGCAATATCTTGAGGAA) and

corresponding protein, the smallest natural CM characterizedMCM3N (TGGTGGTGCTCGAGTTTTTTGTTTTTATTTT-

to date, is a thermostable dimer of the AroQ class which is GTGTTTCCT). Following gel purification, the three over-
active over a wide temperature range. We report here anlapping PCR products were combined in equimolar ratios
extensive biochemical and biophysical characterization of and assembled into one 322 bp product (PCR4) in a single

its properties.
MATERIALS AND METHODS

Strains and Plasmids General cloning was carried out
in E. coli strain XL1-Blue (Stratagene). Genetic comple-

PCR, using MCM1S and MCM3N as outside primers. The
300 bpNdd —Xhd fragment of PCR4 was then ligated into
the 2801 bpNdd —Xhd fragment of pKECMT-W to yield
pKMCMT-W (3101 bp).

To investigate the effects of decreased gene expression
on genetic complementation (see below), the 300I0d —

mentation tests were performed using the chorismate mutasexpq fragment of pPKMCMT-W was inserted into the 2624

deficient E. coli strain KA12 transformed with plasmid
pKIMP-UAUC. Both KA12 and pKIMP-UAUC have been
described previoushbj. Protein production was carried out
in E. coli strain KA13 (3), a derivative of KA12 which

carries theADE3 prophage in its chromosome allowing

bp Ndd—Xhd fragment of pKECMB-W to yield pKM-
CMB-W (2924 bp). For production of proteins on a large
scale, the relevant genes were expressed from the T7
promoter. pET-EcCM (5652 bp) was constructed by ligating
the 288 bpNdd —Xhd fragment from pKECMT-W with the

IPTG-inducible expression of genes under the control of the 5364 bpNdd —Xhad fragment from the T7-promoter vector

T7 promoter 14). The genotype of KA13 ig\(srIR-recA)
306:Tn10, A(pheA-tyrA-aroF)thi-1, endA-1 hsdR17A(argF-
lac)U169 supE44 4 (DE3) [(lacUV5expressed T7-RNA-
pol gene),imm21, Anin5, Sam7(int™)].

Plasmid clone AMJHG11 contains a putative chorismate
mutase-coding regiomfoQ, initially designated MJ0246
(12)] from Methanococcus jannaschii The clone was
obtained from the American Type Culture Collection (ATCC
625982). Plasmids pKECMT-W and pKECMB-W were
described previouslylg). They both harbor a'3runcated
version of thepheAgene [recently renamed &roQ,-pheA
(20)] of E. coli. While full-length pheA encodes the
bifunctional chorismate mutas@rephenate dehydratase
enzyme, our truncategpheA (aroQ,) encodes just the
chorismate mutase domain (ArgQconsisting of the 96
natural N-terminal amino acids followed by a Glu-(Higg
(EcCM). Expression opheA is driven by thetrc andbla
promoters in pKECMT-W and pKECMB-W, respectively.
Plasmid pET-22bt) was from Novagen.

DNA Manipulations All nucleic acid manipulations were
according to standard procedurd$), Restriction endonu-

PET-22b(t). We have subsequently found that pET vectors
can cause unwanted translational read-through at the TGA
stop codon 13). To circumvent the problem of heteroge-
neous protein production, we constructed pET-22b-pATCH,
a derivative of pET-22bf), by following the protocol
outlined elsewherel@). pET-EcCM-pATCH (5668 bp) was
obtained in an analogous way from pET-EcCM. pET-
MjCM-pATCH (5680 bp) was constructed by ligating the
300 bpNdd —Xhd fragment of pKMCMT-W with the 5380
bp Ndd—Xhd fragment of pET-22b-pATCH. A second
version of pET-MjCM-pATCH was prepared in which the
last six codons ofaroQ: were deleted. A 245 bp PCR
product was obtained using template pET-MjCM-pATCH
and primers MCM2S and MCM4N (TGGTGGTGCTC-
GAGTGTTTCCTCAAGATATTGCTTTTGGA) Khd site
underlined). The 222 baflll —Xhd fragment of this product
was then ligated with the 5440 Wflll —Xhd fragment of
PET-MjCM-pATCH to yield pET-MjCM-pATCH.
Computer-Assisted Sequence Analysgene sequences
were retrieved via the Internet from GenBank (http:/
www.ncbi.nlm.nih.gov/Web/Search/index.htmlg] or The

cleases and T4 DNA ligase were purchased from New Institute for Genomic Research (TIGR), Rockville, MD

England Biolabs. Oligonucleotides were obtained by custom (http://www.tigr.org/tdb/mdb/mdb.html), unless stated oth-
synthesis from GIBCO BRL Life Technologies. Polymerase erwise. Sequence analysis was done using the program
chain reactions (PCRs) were performed ugfigpolymerase collection of the Genetics Computer Group, Inc., Madison,
(Stratagene). All relevant portions of the constructed plas- WI. The G+C content was retrieved from the Codon Usage
mids were confirmed by DNA sequencing on an Applied Database (http://www.dna.affrc.gojptakamura/codon.ht-
Biosystems 373 Automated DNA Sequencer using dye ml).

terminator nucleotides and chain termination chemistiy. ( Genetic ComplementatiorVl. jannaschii aro@expression
DNA was prepared for sequencing using a QIAGEN Mini- plasmids were tested for chorismate mutase activity in vivo
prep kit. by complementation of the chorismate mutase deficiency of
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the KA12/pKIMP-UAUC system ). Individual, purified and electrospray ionization (ESI) mass spectrometry was
transformants were streaked to yield single colonies on agarcarried out on an API Il Perkin-Elmer SCIEX triple
plates made with selective medium M9c (withauPhe and guadrupole mass spectrometer. All mass spectrometry
L-Tyr) or with M9c supplemented with 2@g/mL L-Phe and experiments were done at the Scripps Mass Spectrometry
L-Tyr. The plates were incubated at 30 for 3 days, and Laboratory.

cell growth was recorded and compared with control trans-  Analytical Size-Exclusion Column Chromatographyhe
formants without a CM gene (pK1F7T-O-transformed) or oligomeric states of EcCM, MjCM, and MjCMwere

with the wild-typeBacillus subtilisCM genearoH (pKCMT- determined by analytical size-exclusion column chromatog-
W-transformed). Media, procedures, and control plasmids raphy using a Superose 12 (10/30) FPLC column from
used for the complementation tests were as detailed previ-Pharmacia. Chromatography was performed at room tem-
ously 6, 15). perature with PBS as the running buffer. A standard curve

Production and Purification of Proteins ECCM was was prepared according to the method outlined in the
produced with plasmid pET-EcCM-pATCH. Plasmids pET- instruction manual for the LMW Gel Filtration Calibration
MjCM-pATCH and pET-MjCM-pATCH were employed for ~ Kit from Pharmacia. All proteins were used at concentrations
the production of the full-length (MjCM) and truncated of 0.1-0.2 mg/mL. The void volumey,, and the total bed
(MjCM") versions of the putative, monofunctional chorismate volume, V;, were determined using blue dextran 2000 and
mutase fromM. jannaschii MjCM is composed of all 99 L-tyrosine, respectively. Proteins for the standard curve came
residues specified by the open reading frame MJ0246, from Pharmacia (ribonuclease A, MW 13 700; ovalbumin,
followed by Leu-Glu-(His). MjCM' is composed of the first MW 43 000; bovine serum albumin, MW 67 000) and Sigma
93 residues of MjCM, followed by Leu-Glu-(His) The host (aprotinin, MW 6500; cytochrome, MW 12 400; carbonic
strain for protein production was KA13. Cells from a single anhydrase, MW 29 000). The elution parametéy, was
colony were grown in 500 mL of LB medium supplemented calculated for each protein using the equation= (Ve —
with 150 ug/mL sodium ampicillin at 37C up to an Oy Vo) (Vi — Vo), whereV, is the elution volume of the protein.
of 0.8. The cultures were cooled to room temperature, and Circular Dichroism SpectroscopyAll circular dichroism
isopropy! 1-thiog-p-galactopyranoside (IPTG) was added (CD) experiments were performed on an Aviv Circular
to a final concentration of 0.4 mM. After 16 h induction at Dichroism Spectropolarimeter, Model 61DS, equipped with
room temperature, the cells were harvested and resuspended single-position thermoelectric cuvette holder. CD spectra
in 20 mL of PBS (10 mM phosphate, 160 mM NacCl, pH were recorded at 28C in PBS, with a protein concentration
7.5) supplemented with 10@M phenylmethanesulfonyl  of 5uM and a path length of 0.2 cm. Spectra were obtained
fluoride (PMSF) and 2«g/mL pepstatin A and aprotinin. by averaging five wavelength scans from 260 to 200 nm in
Following cell lysis by passage through a French press, 0.5 nm steps, with a signal averaging time2s and a
insoluble material was removed by centrifugation (2800 bandwidth of 1.5 nm. Thermal denaturation curves were
20 min, 4°C) and the supernatant loaded onto a column obtained using «M protein in PBS [deoxygenated with
packed with 5 mL of Ni-NTA agarose (QIAGEN) that had Heg] in a 1.0 cm cuvette with constant stirring. The
been preequilibrated with PBS. The column was thoroughly ellipticity at 222 nm (1.5 nm bandwidth) was measured from
washed with PBS containing 30 mM imidazole, and bound 10 to 95°C in 1 °C steps. For each point, the sample was
protein was subsequently eluted with PBS containing 250 first equilibrated for 2 min and then the signal was averaged
mM imidazole. for 1 min before moving to the next temperature.

To obtain pure protein devoid of misfolded aggregates (see Equilibrium Denaturation: (A) Circular Dichroism Urea-
Results), EcCM was denatured by addition of 4 volumes of induced denaturation of ECCM was followed by measuring
PBS containig 8 M guanidinium chloride (GdmCI) and the ellipticity of the sample at 222 nm (1.5 nm bandwidth).
subsequently refolded by 20-fold dilution into PBS (final Measurements were madea 1 cmx 1 cm quartz cuvette
concentration<6 uM protein). The protein was concentrated at 20°C with constant stirring. Initially, 4«M protein in
by ultrafiltration (Amicon stirred-cell concentrator) and PBS was present in the cuvette. Each point in the curve
dialyzed extensively against PBS. Pure, correctly folded was then obtained by adding the appropriate volume of a
MjCM and MjCM' were obtained by preparative gel filtration ~10 M urea stock solution in PBS. For each point, the
using a Superdex 75 (26/60) FPLC column from Pharmacia. sample was allowed to equilibrate for 4 min, and then the
All three proteins were stored in PBS supplemented with ellipticity was recorded evgrl s for 60 s and averaged.
100 uM PMSF, 2ug/mL pepstatin A, 2ug/mL aprotinin, The averaged value was then corrected for background signal
200uM 1,10-phenanthroline, and 0.02% sodium azide. Prior from the buffer (linear interpolation betwe® M urea and
to kinetic or biophysical analysis, the protease inhibitors and urea concentration in stock solution) and subsequently
preservatives were removed by size-exclusion column chro-adjusted to correct for dilution of the protein. The accurate
matography using a Superose 12 (10/30) FPLC column from concentration of the-10 M stock solution of urea in PBS
Pharmacia. Protein concentration was determined using thewas determined from\N (the difference between its refrac-
Pierce Micro BCA Protein Assay Reagent (Pierce) with tive index and that of PBS) using the equation [urea]
bovine serum albumin as the calibration standard. 117.66(AN) + 29.753AN)? + 185.56(AN)® (19).

Mass Spectrometry Proteins were prepared for mass  Guanidinium chloride (GdmCIl)-induced denaturation of
spectrometry by desalting on a NAP-5 column (Pharmacia) MjCM' was followed by measuring the ellipticity of the
that had been preequilibrated with 1% aqueous acetic acid.sample at 222 nm (1.5 nm bandwidth). Measurements were
Matrix-assisted laser desorption/ionization (MALDI) mass made in a 0.1 cm quartz cuvette atZD. Each point in the
spectrometry was performed on a PerSeptive Biosystemscurve was obtained separately by mixing appropriate volumes
Voyager-Elite mass spectrometer with delayed extraction, of PBS, MjCM in PBS, and~8 M GdmCl in PBS to achieve
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a final concentration of 1@M protein. The samples were Linear extrapolation ofAGy to 0 M denaturant yields
allowed to equilibrate at 20C for at least 20 min. The  AGy(H,0O). Some denaturation data were collected by
ellipticity was then recorded evel s for 60 s and averaged. diluting the protein with concentrated stock solutions of
The averaged value was corrected for background signal fromdenaturant. The different protein concentrations at each point
the buffer (linear interpolation betwe® M GdmCI and the  in the resulting curves were accounted for in the calculation
GdmCIl stock solution). The accurate concentration of the of Ky. For presentation purpose$;,, the fraction of
~8 M stock solution of GdAmCI in PBS was calculated from unfolded protein at a single, constant polypeptide concentra-
AN (the difference between its refractive index and that of tion, P;, was calculated from the observed valuefgfat
PBS) using the equation [GAmCH= 57.147AN) + concentratiorP; using the relation:
38.68(AN)?2 — 91.60AN)® (20). o ) )

(B) Fluorescence.Urea-induced denaturation of EcCCM 2P "5/(1 = F)] = 2P{f i/(1 — fy)] (4)
and GdmCl-induced denaturation of ECCM and MjGMere
also followed by fluorescence using an Aminco Bowman
Series 2 Luminescence Spectrometer. Tyrosine fluorescenc
was measured by excitation at 278 nm (4 nm bandwidth)
and emission at 320 nm (8 nm bandwidth). Measurements
were maden a 1 cmx 1 cm quartz cuvette at 20C with
constant stirring. Initially, 1&M protein in PBS was present
in the cuvette (4M for the urea-induced denaturation of AG, = mx+ AG,(H,0) (5)
EcCM). Each point on the curve was obtained by adding ) ) ]
the appropriate volume of eitheral0 M urea stock solution ~ Wherexis the concentration of denaturant amds the slope
in PBS or~8 M GdmCl in PBS. For each point, the sample Of the line. Combining egs 2, 3, and 5, we can expfess
was allowed to equilibrate for 4 min, and then the fluores- @s a function ofn, x, and AGy(Hz0):
cence was recorded eyet s for 60 s and averaged. The f = [~ MAGUHONRT |
averaged value was first corrected for the background Y
fluorescence of the buffer and then adjusted to correct for \/e[—me—ZAGu(HzO)]/RT+ 8P, g™ ACUHOIRT 14D (6)
dilution of the protein.

and solving forf |, (equation not shown). Though formally
necessary, this correction produced an almost imperceptible
EE:hange in the appearance of the data sicearied by no
more than 2-fold in any given experiment.

For both urea and GdAmCAGy is often found to vary
linearly with the concentration of denaturant:

(C) Gel Filtration. Denaturation of MjCMwas investi- This equation was used for the curve fits shown in Figures
gated by GdmCI gradient size-exclusion column chroma- 7 and 8 (KaleidaGraph, Abelbeck Software).
tography 21). Experiments were performed at room tem-  Kinetics All kinetic measurements were performed in

perature using a Superose 12 (10/30) FPLC column from PBS unless otherwise indicated. Initial rates were determined
Pharmacia (& 30 cm; volume~23 mL). A linear gradient by monitoring the disappearance of chorismate spectropho-
of GAmCI in PBS was formed by mixing 60 mL of PBS tometrically at 274 nmeg74 nm= 2630 M cm™) using a
containirg 2 M GdmCI with 60 mL of PBS containing 6 M  Cary 3 Bio UV—Visible Spectrophotometer equipped with
GdmCl (flow rate of 0.4 mL/min). This resulted in a gradient a thermoelectric cuvette holder. All initial rates were
of ~26 mM/cm column length and an increment in [GdmCI] corrected for the corresponding temperature-specific back-
of 0.4 M every 30 min. Successive 100 samples of  ground reaction. Steady-state kinetic paramekgrandKn,
MjCM’ (504M) were injected every 30 min, and the elution were calculated from the initial rates as descrid&d,(using
profile was monitored by recording the absorbance at 280 a minimum of five substrate concentrations ranging from at
nm (path length of 1 cm). least 4-fold belowK, to at least 4-fold abov&,,. Ther-

(D) Data Analysis To deriveAGy(H-0), the free energy ~ modynamic activation parametefdd* and AS" for MjCM
of unfolding in PBS at 20°C, the data were fitted to the were obtained from least-squares fitting of data collected
following two-state model: from 10 to 70°C using the equation

N,=2D (1) Kot = (KT/h)e [(AHTRD-(ASTR] 7)

) S ) ) (25). AG* at 25°C was calculated using the equation
where N is the native dimeric protein and D is the denatured

monomer. Pre- and posttransition regions were fitted to AG* = AH" — TAS' (8)
straight lines, and the fraction of unfolded protéin, was With T = 298.15 K

;::Icul?ti;j as desc_rlbedZ). The eq(;Jlllbrtlum constant fort. To investigate the pH dependence of the rate of the MjCM-
the unfolding reaction at any given denaturant concentration catalyzed reaction, initial rates were determined af@0
IS using 20 nM MjCM and 12uM chorismate in Universal

) ) Buffer [33 mM sodium acetate, 33 mM A{morpholino)-

Ky = [DI7[N,] = 2P(f {/(1 — fy)] 2) ethanesulfonic acid, 33 mM 1,3-bis[tris(hydroxymethyl)-
methylamino]propane, 100 mM sodium chloride, adjusted

whereP; is the total concentration of polypeptid23). The to the desired pH with either aqueous hydrochloric acid or
free energy of unfoldingAGy, was then calculated at each aqueous sodium hydroxide].
concentration of denaturant in the transition region of the
data using the relation: RESULTS

Sequence and Structural Comparison3he recently
AGy = —RTIn (Ky) (3) published genomic sequence of the methanogenic archeon
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AroQf-Mth MDEYRAREVL RRSRQKIDGI DRDILDLITS RIALAREIAE AKEVL..... GMEILDPERE LQIIERTRKI ARENG..IDE NKLTELMKIL MDLSKTEQKE MLRRQ..... ..........
AroQp-Ngo .MSQTIDELL IPHRNAIDTI DAEILRLLNE RAQHAHAIGE LKGT...... .GAVYRPERE VAVL...RRI QDLNKGPLPD ESVARLFREV MSECLAVERP .LTIAYLGPQ GTFTQQAAI-
AroQp-Pst ...MSEADQL KALRVRIDSL DERILDLISE RARCAQEVAR VKTASWPKAE EAVFYRPERE AWVL...KHI MELNKGPLDN EEMARLFREI MSSCLALEQP .LRVAYLGPE GTFSQAAAL-~
AroQp-Xca -PLATAAPVL ADVRAKIDEI DRGIQALTIAE RANFAHQVGK AKGK...LAA AVDYYRPERE AQVL...RMV VDRNEGPLSD EVLVHVFREI MSACLAQQEP .LKIGYLGPE GTFSQQAVL-
AroQd-Bsu ....MSNTEL ELLRQKADEL NLQILKLINE RGNVVKEIGK AKEA....QG .VNRFDPVRE RTML...NNI TENNDGPFEN STIQHIFKEI FKAGLELQEE DHSKALLVSR KKKPEDTIV-
AroQd-Dra ...MTQQRSI DDLRAEVDQI NRDLLALISR RGEVVAQIGH AKSA....EG RPNHYDPARE EQQL...KEL EKINPGPFPT ATVKGIFKEI FRASLALEES NDKKQLLVSR KVKREDTVL-
AroQf-Hpy .MQKNLDSLL ENLRAEIDAL DNELSDLLDK RLEIALKIAL IK....... Q ESPIYCPKRE QEIL...KRL SQRDFKHLNG EILTGFYTEV FKISRKFQEN ALKELKK... ..........
Cat. site (AroQp-Eco) R R K RE Q

Ficure 1: Phylogenetic tree (A) and multiple sequence alignment (B) of (putative) CMs. The tree and the alignment were created with the
GCG program PileUp (gap weight 3.0; gap length weight 0.1). The final comparison only includes the sequence segments shown in (B).
A dash indicates that the sequence was truncated. Incomgie@sequences found in the databases and those for PchB and PapB (see
Discussion) were not considered. The alignment of the three eukaryotic sequences [on the right in (A)] was aided by superposition of
crystal structure datal(). Only the segments of the Are@roteins corresponding to the region of AreBco encompassing residues

Arg28 and Lys39 are aligned for the purpose of illustration; the large number of insertions in the eukaryotic genes requires separate alignments
of other homologous sections, as reportedlit) (The subscript after AroQ indicates whether the (putative) CM domain is monofunctional
(AroQ), provided with a regulatory domain (AreQor fused to prephenate dehydratase (Ajo@rephenate dehydrogenase (Afp@r
3-deoxyp-arabinoheptulosonate-7-phosphate synthase (Am@nains. Missing sequence information did not allow us to make an assignment

for AroQ,-Tma. In AroQ,-Afu, the AroQ domain is located between an N-terminal prephenate dehydrogenase and a C-terminal prephenate
dehydratase domain. The three archaeal proteins in (A) are emphasized in boldface type. The source of each sequence is as follows: Sce,
Saccharomyces cersiae (Acc. No. M24517); SpoSchizosaccharomyces pon{ec. No. Z98529); AthArabidopsis thaliangdAcc. No.

Z26519); EheErwinia herbicola(Acc. No. M95628, X60420); MtuMycobacterium tuberculosigcc. No. U38939); Afu Archaeoglobus
fulgidus(TIGR, coding region AF0227); Tmd@hermotoga maritiméTIGR, Contig BTMDD43R); EcoEscherichia col{Acc. No. M10431);

Vch, Vibrio cholerae(TIGR, sequence GVCDG49F); Hitjaemophilus influenzafAcc. No. U32809, U32794); MjalMethanococcus
jannaschii(Acc. No. U67480); MthMethanobacterium thermoautotrophicyfdhio State University, coding region mt0804); Nixgisseria
gonorrhoeagUniversity of Oklahoma, Contig 314); P®2seudomonas stutzgcc. No. M73971); XcaXanthomonas campestr{s0);

Bsu, Bacillus subtilis(Acc. No. X65945); DraDeinococcus radioduranélTIGR, sequence gdr_119); Hpklelicobacter pylori[TIGR,

coding region HP029140)]. Some of the sequences were retrieved from ongoing genome sequencing projects and may still contain errors.
For example, the stop codon (*) in AroQt-Vch is probably either GIn or GlD).(Residues shown in boldface type are Argll, Arg28,
Lys39, Arg51, Glu52, and GIn88 of ArgkEco whose side chains are involved in prominent interactions with a bound transition state
analogue (see Figure 2B). Only the mature sequences resulting from (putative) cleavage of a signal peptide are showrEloe &®Q

and AroQ-Mtu (PSORT; http://psort.nibb.ac.jp/). These proteins have a topology different from that of the prototypic AroQ fold (unpublished).

M. jannaschiiannotates two coding regions as chorismate they subdivision of proteobacteria. Whereas these bacterial
mutase subunit A (MJ0246) and subunit B (MJ0612))( CMs constitute the N-terminal domains of bifunctional

The 99 amino acid protein encoded by MJ0246 exhibits proteins also carrying prephenate dehydratase activity, the
strong similarity to known CMs from the AroQ class. As archeal protein appears to be a monofunctional CM as judged
shown in Figure 1A, it clusters with a group of CMs from by the size of its coding region and by the absence of
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appropriate protein coding sequences immediatetp ghe
gene. In accordance with the nomenclature by Jers@n (
we have thus renamed MJ0246 am(Q to indicate its
monofunctionality and relationship to the AroQ class.

On reanalysis, the translated second coding region MJ0612,
in contrast to MJ0246, shows no homology to any known
CM. Instead, the translated N-terminal 300-residue sequence
shows high similarity to bacterial prephenate dehydrogenase
domains, but the remaining C-terminal 146 amino acids show
no convincing homology to any known protein. If the latter
segment encodes a CM at all, it must belong to a structurally
unigue class of enzyme.

The multiple sequence alignment in Figure 1B illustrates
that the gene product &4. jannaschii aro@(Aro(Qx) contains
all of the strongly conserved amino acids characteristic of
this family of enzymes. They correspond to residues that
line the active site as identified in the crystal structure of a
typical AroQ domain, the CM portion d&. coli AroQy-PheA
[(8), Figure 2]. Based on our sequence analysis, we therefore
expected thé. jannaschiiprotein to be a functional, dimeric
CM with a 6-helix-bundle structure similar to the coli
AroQ, domain.

Subcloning of M. jannaschii ara@nd Genetic Comple-
mentation We obtained the plasmid clone AMJHG11 from
the American Type Culture Collection. It contains the
putative chorismate mutase gesm®Q: (MJ0246) in a 2101
bp fragment of chromosomal DNA fromM. jannaschii
inserted into theSma site of cloning vector puC181(Q).

The gene’s orientation in AMJHGL11 is opposite to the B NH;
promoter of pUC18, and is thus lacking bacterial transcription Argll NHSSNH,
and translation initiation signals. To test for in vivo activity Argsl A28
of aroQ} in E. coli, we constructed plasmids pKMCMB-W HoN NH-ee 0129 HoN (
and pKMCMT-W. These plasmids provide the wella y )\_ﬁ o %/NH
and the roughly 20-fold strongérc promoter upstream of R | A
aroQ, respectively, allowing for different levels of gene k/\/NH'S' ?X‘Hzﬁi
expression in vivo Z6). N HO

The twoaroQ-containing plasmids were introduced into aps RO Sersd
E. coli KA12/pKIMP-UAUC cells to test for complemen- 0 o- s
tation of the strain’s CM deficiency, as described under o

Materials and Methods. The growth of the pKMCMB-W
and pKMCMT-W transformants was compared with CM-
negative (pK1F7T-O-transformed) and CM-positive (pKCMT-
W-transformed) control cells. The tests showed Hrai)

of M. jannaschii provides sufficient chorismate mutase
activity in vivo at 30°C to complement the genetic defect

Glu52

FiGure 2: Structure of EcCM, the prototype of the AroQ class of
CMs (3, 8). The active site is occupied by an endo-oxabicyclic
dicarboxylic acid inhibitor that mimics the transition state of the
CM reaction. (A) Three-dimensional structural representation of
the dimeric CM. The figure was generated with the program
MOLSCRIPT 61). Coordinates for the ECCM crystal structure were

of the assay strain, but growth was retarded compared tofrom the Protein Data Bank, Brookhaven National Laboratory, PDB

the positive control. Both thiela and thetrc expressed genes

were of comparable efficiency on selective media, but the

construct with thetrc promoter yielded much smaller
colonies than either the controls or pKMCMB-W on

accession code 1ECM); (B) Simplified schematic view of the
active site with catalytically important amino acid residues.

pPATCH, respectively) were introduced into host strain KA13,
a recAdeleted K-12 strain oE. coli which is devoid of

nonselective minimal agar plates (data not shown). This endogenousE. coli chorismate mutase activity. Upon

indicates that MjCM (the His-tagged form bf. jannaschii
AroQ) interferes with the growth oE. coli cells when
produced at elevated levels.

Production and Purification of ProteinsEfficient produc-
tion of EcCCM (the His-tagged form of thE. coli AroQ,

induction of the chromosomally integrated T7 RNA poly-
merase gene with IPTG (see Materials and Methods),
efficient production of soluble protein was achieved for both
EcCM and MJCM. The yield of recombinant protein was
about 5-fold higher for ECCM than for MjCM, possibly due

domain) and MjCM was achieved using the T7 expression to differences in codon usage between the bacteEugoli
system {4). The genes for ECCM and MjCM were each and the archeoM. jannaschii(27).

subcloned into pET-22b-pATCH, a derivative of pET-22p( The C-terminal (His}tag attached to the produced proteins
(Novagen) that has been modified to prevent unwanted allowed efficient purification by affinity chromatography on
translational readthrough at the TGA stop codd®( The a matrix containing chelated Niions 28). Both EcCM
resulting plasmids (pET-EcCM-pATCH and pET-MjCM- and MjCM were purified in this way under native conditions,
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yielding samples of>95% purity as judged by SDS -24.0 | T T T T -
polyacrylamide gel electrophoresis and Coomassie blue
staining. Analysis by electrospray ionization mass spec- -25.0
trometry (ESI-MS) and by matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS) confirmed the
identity of each protein and indicated that the N-terminal
methionine residue (Met1) had been removed in most of the
EcCM sample but was intact in the MjCM sample. The
experimentally determined molecular masses correlated wel
with the expected masses, both for ECCM lacking Metl
(expected [M-H™], 11 886.7 Da; observeg-ws, 11 883 Da;

-26.0

IT)(h/K)]

-27.0

cat

-28.0

In[(k

-29.0

observeglaoi-ms, 11 881 Da) and for full-length MjCM 300 L P P .
(expected [M-H™], 12 847.9 Da; observeg-us, 12 846 Da; 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036
observegap -vs, 12 843 Da) 1T (K")

Upon prolonged storage of MjCM, a discrete truncated i pe3: Temperature dependencekgs for the MiCM-catalyzed
fragment of the protein was observed by SE®lyacryla- transformation as determined from individual Michaelidenten

mide gel electrophoresis (data not shown). Analysis of the plots between 10 and 7.
partially degraded sample by MALDI-MS suggested cleavage
of MjCM following Asn95 (predicted [M-H*], 11 284.1 Da; In contrast, we chose to isolate the compact, well-behaved,
observed 11277 Da). This results in loss of the four and catalytically active dimeric M{CM by preparative gel
C-terminal residues of the protein (Lys-Asn-Lys-Lys) as well filtration to avoid potential ambiguities resulting from the
as the appended Leu-Glu-(Hisequence. In contrastto the refolding experiments. Although this approach reduced the
full-length protein, the proteolytic fragment failed to bind final yield of protein by up to 75%, we were able to obtain
to Ni-NTA agarose resin, consistent with our assignment of sufficient pure, homogeneous MjCM and MjCfidr kinetic
the cleavage site. Sequence alignment of MiCM with other and biophysical analysis~@ mg/L of culture).
CMs (Figure 1B) indicates that the last six residues of M{CM  Kinetic Properties of MjCM Enzyme assays with purified
extend beyond the C-terminus of our version of ECCM. Since MjCM (and MjCM') confirmed expectations tha. jann-
EcCM is fully active (see below), these residues are unlikely aschii aroQ specifies a chorismate mutase. The enzyme
to be structurally important. In fact, the observed suscep- follows classical MichaelisMenten kinetics. We deter-
tibility of MjCM to proteolysis between residues 95 and 96 mined the activation parameters for the MjCM-catalyzed
suggests a lack of compact structure in this region. This is reaction by measuring the temperature dependendeg,of
supported by the crystal structure of an extended version ofover a wide temperature range (100 °C). From the data
EcCM (Figure 2) which shows that residues beyond position in Figure 3, an enthalpy of activatiohH* of 16.2 @0.4)
95 are located in a solvent-exposechelix (8). To avoid kcal/mol and an activation entropyS' of —1.7 @1.2) cal/
heterogeneity in the sample, the expression vector pET-(mol-K) were obtained. At 30C, a ke value of 5.7 st
MjCM-pATCH was modified to remove the bases encoding and aK, of 41 uM were determined from interpolation of
the six C-terminal residues of ArgQielding pET-MjCM- all Michaelis—-Menten data sets gathered over the whole
pPpATCH. The resulting truncated protein, MjCMwas temperature range. We found that/Kn, for the MjCM-
produced and purified as before. Analysis of the purified catalyzed chorismate rearrangement is virtually independent
protein by ESI-MS and MALDI-MS confirmed its integrity ~ of pH in the enzyme reaction mixture over the range of pH
(expected [M-H™], 12 106.0 Da; observeg-ws, 12 106 Da; 5—9 [KealKm = 6.0 (0.9) x 10* M~ st at 20°C].
observegiapi-ms, 12 104 Da). Even after prolonged storage,  Analytical Size-Exclusion Column Chromatograptiyhe
MjCM' showed no indication of proteolytic degradation as oligomeric state of EcCCM and MjCM was determined by
judged by SDS-polyacrylamide gel electrophoresis. MJCM  analytical size-exclusion column chromatography as de-
was similar to MjCM in terms of its far-UV circular  scribed under Materials and Methods. Figure 4 summarizes
dichroism (CD) spectrum and indistinguishable in terms of the results obtained on a calibrated Superose column. A plot
its aggregation state, thermodynamic stability, and kinetic of the elution parameté{,, versus log(MW) for the standard
parameterski.: and Kn). All data presented below, with  proteins gave a straight line, yielding apparent molecular
the exception of kinetic measurements and gel filtration data, weights for ECCM and MjCM of 25790 and 29 390,
were obtained using MjCMrather than MjCM. respectively (2.2 and 2.3 times the molecular weights of the
Analytical size-exclusion column chromatography (see corresponding polypeptides). We conclude that both ECCM
below) showed that EcCCM, MjCM, and MjCNpreparations  and MjCM exist as homodimers in solution (as predicted
were composed of a mixture of correctly folded, dimeric from the crystal structure of EcCCM). Interestingly, the
protein (25-50%) and various misfolded, higher-order apparent molecular weight of each protein is slightly higher
aggregates (remaining 505%). Inthe case of ECCM, the than that expected for the dimeric species. This probably
higher-order aggregates were converted into fully active, results from the elongated shape of the dimer (Figure 2) and
dimeric protein by denaturation with guanidinium chloride from the addition of a noncompact (Higag to the C-
and subsequent renaturation upon dilution into native buffer terminus.
(PBS, see Materials and Methods). The efficiency of  Circular Dichroism SpectroscopyFar-UV circular dichro-
refolding was>95% as judged by analytical gel filtration, ism (CD) spectra were obtained for ECCM and MjCM
native polyacrylamide gel electrophoresis, and kinetic analy- (Figure 5). The curves are similar in shape and match the
sis. spectrum expected for a highty-helical protein 29, 30).
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FicUre 4: Determination of the quaternary structure of ECCM and Figure 6: Temperature-dependent unfolding (denaturation) curves
MJCM by analytical size-exclusion chromatography. The elution for EcCM (©) and MJCM (®). The change ind-helical) structure
parameteKa, was calculated for each protein and is plotted against was assessed by measuring the CD at 222 nm. The same protein
the logarithm of the molecular weight (MW) of the standard proteins concentration (1M polypeptide) was used for both curves since
(©), or of the MW predicted from the amino acid sequence and denaturation is concentration-dependent for multimeric (in this case

assuming a dimeric structure for ECCM and MjC#)( dimeric) proteins. The midpoint of the unfolding transitidh, was
obtained for each curve from the maximum of the first derivative
20— ' ' ' ' ' ' with respect to temperature.
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Ficure 5: Far-UV circular dichroism (CD) spectra of EcCMY
and MjCM (@) at 20 °C. The y-axis shows the mean residue
ellipticity. Ficure 7: Urea-induced denaturation of EcCCM at 2C. The
fraction of unfolded protein was determined by CD (ellipticity at

: T : : ; : 222 nm;0O) and by fluorescence spectroscopy (tyrosine fluores-
The curves differ in intensity, which might refiect slight cence;®). The curve fit includes all CD data. The concentration

differences in structure (degree ofhelicity). However, of the polypeptide was &M.

these intensity differences more likely arise from inaccuracies

in the determination of protein concentration (MiCI’O BCA for EcCM by equi”brium unfo'ding experiments using urea
Protein Assay; see Materials and Methods). It should be ag the denaturant. Tyrosine fluorescence was employed as
noted that the CD spectrum of a slightly larger version of 3 probe for tertiary structure while CD at 222 nm was
EcCM has been reported previouslyl). Our spectrum  employed as a probe for secondary structure. To analyze

differs from that of Zhang et al. both in intensity and in  the data, the following two-state model was assumed:
shape. The lower intensity of their spectrum presumably

arises from differences in concentration determination and N, = 2D (1)
from the presence of additional C-terminal residues in their
version of ECCM. The shape of their spectrum is similar to ,nare N is the native dimer and D is the denatured
that of our spectrum between 250 and 205 nm, but follows monomer. The fraction of unfolded protefia, was calcu-
an unexpected downward curve at lower wavelengths that|gieq as described under Materials and Methods. Figure 7
is most likely an artifact resulting from strong buffer  gp,qys the fraction of unfolded protein as a function of urea
absorbance in their sample. concentration, determined independently from both CD and
Thermal Denaturation Temperature-dependent unfolding  fluorescence data. The coincidence of the two data sets
curves were obtained for ECCM and MjCMy measuring  supports our assumption of a two-state model. Given this
the ellipticity at 222 nm (indicative ofi-helical structure)  scheme, the equilibrium constant for the unfolding reaction,
as the samples were heated from 5 to°@5(Figure 6). As K, was calculated from eq 2, and the free energy of the
the midpoint of the unfolding transitions, we determifigts unfolding reactionAGy, was calculated from eq 3 for both
of 63 and 88°C for 1M EcCM and MjCM, respectively.  data sets. Plots akGy as a function of urea concentration
Equilibrium Denaturation and Free Energy of Unfolding  yielded nearly coincident straight lines in the transition
The free energy of unfoldinghGy(H20), was determined  regions of the data (not shown). Based on this observed

Urea concentration (M)
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Ficure 8: Guanidinium chloride-induced denaturation of MjCM

at 20°C. The fraction of unfolded protein was determined by CD
(ellipticity at 222 nm;O) and by fluorescence spectroscopy (tyrosine
fluorescence®). Curve fittings to the late transition regions (see
text) are shown as solid (CD) and dotted (fluorescence) lines. The
concentration of the polypeptide was A®.

linearity, fy was fitted to eq 6 for both data sets, yielding
values forAGy(H,0) of 20.1 kcal/mol (CD) and 20.9 kcal/
mol (fluorescence) (average of 2045 0.4 kcal/mol). A
similar value was obtained from fluorescence detection of
GdmCl-induced denaturation of ECCM (data not shown),
supporting the validity of the linear extrapolation AGy.
From the averaged Gy(H20), and by substituting in eq 6,
we can calculate the fraction of unfolded protdi(P;), in
the absence of denaturant at a given protein concentration
At 20 °C and 1 nM polypeptide, only 1.6 103% of the
protein is unfolded and even at 1 mM the fraction of folded
protein is still >99.9%. This suggests that ECCM exhibits
substantial stability at high dilutions, a supposition supported
by the independence df, from protein concentration at
nanomolar concentrations (data not shown).

When similar experiments were attempted with MjCM

MacBeath et al.

fraction of each of the three (or more) species present during
the unfolding transition. Nevertheless, it appears that the
fluorescence properties of the intermediate are fairly similar
to those of the native state. If we assume that the
fluorescence of the intermediate is the same as that of the
native protein, the intermediate can be ignored as a rough
approximation. Fitting all the fluorescence data to eq 6 then
yields AGy(H0) = 24.0 + 0.6 kcal/mol (correlation
coefficient R = 0.99905, curve fit not shown). This
approximation becomes better in the late transition when the
observed fluorescence approaches that of the unfolded
protein. When the early transition data are excluded from
the fit, we obtainAGy(H,0) = 26.9+ 0.9 kcal/mol R =
0.99967; Figure 8). With the caveat that these values are
only approximate, it appears that MjCNs about 5 kcal/
mol more stable than the homologoks coli protein.

Two alternative three-state models can be proposed for
the unfolding of MjCM:

(9)
(10)

N,=1,=2D
N, == 2l = 2D

The oligomeric state of the intermediate was investigated
by GdmCI gradient size-exclusion column chromatography
(22). On a gel filtration column, the fully guanidinium-
unfolded monomer (D) elutes earlier (behaves larger) than
the compact, folded dimer N However, a compact,
structured, monomeric intermediate (I) should elute later
(behave smaller) than the folded dimer. This behavior was
observed, for example, in the unfolding of aspartate ami-
notransferase3@). When MjCM was analyzed by this
technique (see Materials and Methods), however, no evidence
was seen for a shift to longer retention times in the early
portion of the transition (data not shown). Instead, the
overall unfolding was accompanied by a shift to shorter

using urea as the denaturant, it was found that the proteinretemion times. On the basis of this result, it is likely that

did not fully unfold, even at concentrations of up to 10 M

the intermediate observed by CD (and more subtly by

urea. However, it was possible to obtain denaturation curvesfluorescence) is dimeric (i.e., eq 9 may describe the transition

using GdmClI, a stronger denaturant than urea. As before,

more appropriately than eq 10).

data sets were collected using both tyrosine fluorescence aanISCUSSION

far-UvV CD. As with EcCM, MjCM exhibited a clear

unfolding transition, and so the data were fitted to the two-
state model of eq 1. However, whén was plotted as a

function of GAMCI concentration, it was evident that the data
sets were not entirely coincident (Figure 8). Since eq 6 is
based on the two-state model, significant deviations from
the fit indicate that the model is inappropriate. While the

late transition regions superimpose, the early regions do not.

When the CD data, excluding the early transition region, were
fitted to eq 6, the excluded data did not lie on the
corresponding curve (Figure 8). The early transition may
be due, in part, to impurities in the MjCMsample.
However, as judged from SDS$olyacrylamide gel electro-
phoresis, MALDI-MS, and size-exclusion chromatography
of MjCM', we have no indication of significant sample

Archeal Members of the AroQ Protein FamilyWe have
demonstrated that the protein specified by the coding region
MJ0246 of M. jannaschiiis a monofunctional chorismate
mutase of the AroQ class. It shows higher sequence
similarity to a defined subgroup within thesubdivision of
proteobacterial CMs, which normally occur as N-terminal
domains of a bifunctional CMprephenate dehydratase, than
to monofuntional bacterial or eukaryotic AroQ domains
(Figure 1). In contrast to the assignment of genomic reading
frames by Bult et al.12), we find no evidence for any other
CMs in M. jannaschij even when the translated genome is
searched with representatives of all known CM sequences.
Similarly, we find only one putative CM sequence in the
very recently published genome of another archétetha-

heterogeneity caused, for instance, by errors of translationnobacterium thermoautotrophicu(33). [NB: The genes

of M. jannaschii aro@ mRNA in E. coli (27). Thus, the

mt1220 and mt1640 dfl. thermoautotrophicuravhich were

deviation from the two-state model suggests the presence ofassigned as CM gene83) actually encode prephenate

an unfolding intermediate. Since the protein is never

dehydratase and prephenate dehydrogenase sequences, re-

predominantly in this intermediate state, we cannot determinespectively.] The encoded protein, Aredth (Figure 1),
its spectroscopic properties and hence cannot calculate theexhibits 43.5% sequence identity to Areigdja.
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Further sequence analysis revealed that homologues ofrange accessible to the thermostable enzyme is a significant
prephenate dehydratase and prephenate dehydrogenasagdvantage for the accuracy of the determination, compared
which are frequently fused to CM domains in bactedif)( to the very narrow range that can be probed in the case of
also exist as monofunctional proteinshh jannaschii(and mesophilic enzymes [for instance, Arp@co was measured
in M. thermoautotrophicui Thus, M. jannaschiiand E. between 10 and 37C (38)]. Nevertheless, the values for
coli organize the biosynthetic pathway from chorismate to the activation parameters of MjCM\H* = 16.2 kcal/mol,
Phe and Tyr differently (monofunctional versus bifunctional AS = —1.7 cal/(moiK)] are similar to the ones reported
enzymes). Nevertheless, the AroQ domains of these evo-for AroQ,-Eco, the other well-characterized AroQ class CM
lutionarily very distantly related organisms share a high [AH* = 16.3 kcal/mol ASf = 1.5 cal/((moiK); (38)]. Both
degree of primary structure similarity. A third archeal parameter sets are very different from the one measured for
sequence (for a putative CM frosrchaeoglobus fulgidys the AroH class CM fronB. subtilis]AH* = 12.7 kcal/mol,
AroQyp-Afu) exhibits much lower similarity to the cluster AS = —9.1 cal/(moiK); (39)]. While it is tempting to
containing Aro@Mja and AroQ-Eco (Figure 1). The wide interpret these activation parameters in mechanistic terms
scattering of archeal AroQ sequences within the phylogenetic (3, 24, 38), such speculation is not warranted until chemistry
tree may be explained by lateral transfer abQ genes is established as rate limiting9). Kinetic isotope effect
between specific families of organisms. Alternatively, the studies on a closely related AroQ CM (ArpBco) suggest
degree of evolutionary drift in tharoQ family may have that the rate-determining transition state actually precedes
been strongly influenced by the location of the protein in the chemical step in these enzymd$§)( Additional data
the cell or by the nature of its fusion to attached functional are clearly needed, but given the coincidence of the activation
domains. AroQ domains with significantly diverged primary parameters for at least two AroQ proteins, the reaction
structures include the extracellular proteins Ard@Qu and mechanism is likely to be conserved across the AroQ class.
AroQr-Ehe, where topological rearrangements appear to have The spontaneous rearrangement of chorismate to prephen-
occurred (unpublished observation), and the allosterically ate is strongly temperature dependent. Using the activation
controlled yeast CM, whose catalytic domain shows clear parameters for the uncatalyzed reactidt)( an increase in
deviations (insertion of two helices) from the simpldelical kuncat Of 230-fold can be calculated for a rise in temperature
structure of theE. colienzyme 9, 11). Similarly, AroQ,- from 30 to 85°C, yielding a half-life for chorismate of 4.5
Afu appears to have diverged significantly from the proto- min at 85°C. Given the efficiency of the uncatalyzed
typical AroQ domain. Not only does it lack an otherwise process, why doelsl. jannaschij which grows optimally at
conserved Arg residue (Figure 1), but also it seems to be85 °C, employ an enzyme for this transformation? By
part of a unique trifunctional protein with a prephenate making a series of estimations [intracellular chorismate
dehydrogenase fused to its N-terminus and a prephenateconcentratiorr Ky, &~ 100uM (42); CM concentratiorr 1
dehydratase joined to its C-terminus. It is also conceivable uM, based on unpublished resultsEncoli], we deduce that
that some of the AroQ proteins shown in Figure 1 have the total flux of chorismate in the cell in the presence of the
diverged in function during evolution like the recently enzyme would be roughly 3 orders of magnitude more
described AroQ homologues PchB and PapB (sequences nogfficient than the spontaneous background reaction 4€85
shown) which have proposed isochorismgbgruvate lyase  Catalysis of the conversion of chorismate to prephenate is

(34) and 4-amino-4-deoxychorismate muta38) @ctivities, particularly important at higher temperatures in light of the
respectively. ready decomposition of chorismate into undesired side
Properties of M. jannaschii Chorismate MutasActive products 41, 43). An efficient CM also gives the thermo-

site residues identified in the crystal structure of Ehecoli philic organism the flexibility to survive at lower tempera-

AroQ, domain (Figure 2B) are strictly conserved in AreQ  tures M. jannaschiihas been found to grow at 4& (12)]

Mja, with the exception of the replacement of the weakly where the spontaneous reaction is less efficient.

conserved Ser84 by Asn (Figure 1). The pH independence MjCM differs from EcCM primarily in its stability, as

between pH 5 and 9 d./Kn of AroQi-Mja is consistent assessed by thermal and chemical denaturation experiments.

with the absence of an ionizable residue at the position MjCM has a 25°C higher midpoint for its thermal unfolding

corresponding to GIn88 of AroEco. The presence of GIn  transition (at 1uM concentration), and we estimate from

or Glu at this site has been found to correlate, respectively, the results of guanidinium-induced denaturation that the

with a wide or a narrow (and acidic) pH optimum of the thermophilic protein is ca. 5 kcal/mol more stable than its

corresponding CM catalys84, 36, 37). Our data support  mesophilic counterpart. Whereas EcCM denatures via a

the notion (1) that the homologue of position 88 must be single-step process, an intermediate is detected in the

protonated for efficient AroQ activity. unfolding studies with M{CM Based on the size-exclusion
Although the activity of Aro@Mija is expected to be  chromatography experiments, we assume this species is a

optimized for the growth temperature of the source organism partially denatured dimer. The presence of such an inter-

(85 °C), the catalytic parameterk, Km, keafKn) at 30°C mediate would indicate that the subunit interactions, which

for M{CM (5.7 s7%, 41 uM, 1.4 x 10° s M~%; this work) form much of the core of Aro@Vja, are particularly strong

are quite comparable to those of other well-characterizedand remain intact even when peripheral portions of the

CMs such as Aro@Eco [23 s?, 300uM, 7.8 x 10 st protein begin to unfold.

M™% (31, 38)] and B. subtilisAroH [46 s, 67 uM, 6.9 x The Origins of Thermostability.A comparison of the

1P s M™% (39)]. The enthalpy and entropy of activation relevant amino acid sequence of MjCMith the corre-

for the MjCM-catalyzed chorismate rearrangement were sponding 93 amino acids of ECCM reveals eight lle for Leu

determined by measuring the temperature dependerigg of exchanges as the most pronounced difference between the

over a temperature span of 80. The broader temperature thermophilic and mesophilic enzymes (ArgBco residue
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