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ABSTRACT. The enzymedN'-[(5'-phosphoribosyl)formimino]-5-aminoimidazole-4-carboxamide ribonucleo-

tide isomerase (HisA) and phosphoribosylanthranilate isomerase (TrpF) are sugar isomerases that are
involved in histidine and tryptophan biosynthesis, respectively. Both enzymes hagadigdoérrel fold

and catalyze Amadori rearrangements of a thermolabile aminoaldose into the corresponding aminoketose.
To identify those amino acids that are essential for catalysis, conserved residues at the active sites of both
HisA and TrpF from the hyperthermophil@éhermotoga maritimawere replaced by site-directed
mutagenesis, and the purified variants were investigated by steady-state enzyme kinetics. Aspartate 8,
aspartate 127, and threonine 164 appeared to be important for the HisA reaction, whereas cysteine 7 and
aspartate 126 appeared to be important for the TrpF reaction. On the basis of these results and the X-ray
structure of a complex between TrpF and a bound product analogue, a reaction mechanism involving
general acietbase catalysis and a Schiff base intermediate is proposed for both enzymes. A comparison
of the HisA and TrpF enzymes frof maritimaandEscherichia colishowed that, at the physiological
temperatures of 80 and 3T, respectively, the enzymes from the hyperthermophile have significantly
higher catalytic efficiencies than the corresponding enzymes from mesophiles. These results suggest that
HisA and TrpF have similar chemical reaction mechanisms and use the same strategy to prevent the loss
of their thermolabile substrates.

Although contemporary enzymes are highly specific for ~ N'-[(5'-Phosphoribosyl)formimino]-5-aminoimidazole-4-
their substrates, some of them show striking similarities with carboxamide ribonucleotide (ProFAR) isomerase (Hiséy
respect to their three-dimensional structures and reactionphosphoribosylanthranilate (PRA) isomerase (TrpF) are
mechanisms, suggesting that they are evolutionarily related(Sa)s-barrel enzymes of histidine and tryptophan biosyn-
(2). The Ba)s-barrel is the most frequently encountered fold thesis, respectively, that catalyze similar Amadori rearrange-
among enzymes and is adoptedb¥0% of all proteins with ments of aminoaldoses into the corresponding aminoketoses
known structureZ, 3). Comprehensive comparisons of amino (Figure 1). Although the two enzymes share only an
acid sequences and reaction mechanisms, as well as proteimsignificant degree of sequence similarity-e10%, it was
engineering studies, support the idea that a large fraction ofpossible to establish TrpF activity on the scaffold of HisA
the known fa)s-barrels has evolved from a common from the hyperthermophil@hermotoga maritim&HisA) by
ancestral enzyme by divergent evolutigh-6). introducing a single amino acid exchang®. (This result
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Ficure 1: HisA and TrpF catalyze the Amadori rearrangements of aminoaldoses into aminoketoses during histidine and tryptophan
biosynthesis. Reduction of CdRP, the product of the TrpF reaction, with sodium borohydride /Na&Hs the stable product analogue
rCdRP @5).

suggests that both enzymes evolved from an ancestralendonucleases, and sequencing were performed as described
enzyme of broader substrate specificity, the reaction mech-previously @3).

anism of which, however, has not yet been resolved. Expression of the E. coli hisA Gene and Purification of
A number of metabolites have short half-lives, especially the pProtein ProductThe hisA gene ofE. coli (ehisA) was
at elevated temperature®) (A chemically distinct subgroup amplified by PCR, using chromosomal DNA of strain Dil5
of them are phosphoribosylamine derivatives such as phos-55 5 template. The oligonucleotideGAGATCATATG AT-
phoribosylamine, the substrate of glycinamide ribonucleotide TATTCCGGCATTAGAT-3 with anNdd site (in bold) was
synthase participating in the de novo synthesis of purines ;sed as the 'Eprimer. The oligonucleotide'855AGACG-
(9), as well as PRA and ProFARLQ, 11). The loss of &  GATCCTTATGCGTTTTGCCAGC-3 with a BanH| site
thermolabile metabolite can be avoided by at least two (i, hold) was used as thé-Brimer. Using the two introduced
different mechanisms. One is the direct transfer of the yagtriction sites, leisA was cloned into the expression plasmid
metabolite from the producing to the consuming enzyme by PET 15b, yielding the plasmid pET 15weA. In this system,
“metabolic channeling”2), which requires complex forma- e produced eHisA protein contains at the N-terminus a
tion between the two enzymes. It was postulated to be peyanhistidine tag for Ni chelate affinity purification. Before
responsible for the protection of phosphoribosylamine from expression, the insert was subjected to DNA sequencing to
hydrolysis @). The other strategy is to convert the labile gyclude inadvertent PCR mutations. Expression was con-
metabolite to a more stable product by its rapid turnover g cted inE. coli BL21(DE3) cells, which contain the gene
catalyzed by the enzyme downstream. For example, TrpFfor the phage T7 polymerase on their chromosome. An
from T. maritima (tTrpF) processes PRA with a higher  qyernight culture of freshly transformed cells containing 25
catalytic efficiency than TrpF fror&scherichia col{eTrpF), mL of LB medium supplemented with 0.15 mg/mL ampi-
when compared at the physiological temperatures of 80 andgijiin was used to inoculate 2.5 L of the same medium. The
37 °C, respectively 11). _ culture was incubated at 3€ with continuous stirring (100
This work was undertaken to compare the reaction rnm) For reasons unexplained so far, IPTG inhibits expres-
mechanisms of HisA and TrpF and the strategies by which gjon of éhisA. Therefore, cells were grown overnight at 30
these two enzymes protect their thermolabile substrates. Itec \without addition of IPTG, resulting in an QR value of
is shown that both Amadori rearrangements are supported, 5 cells were centrifuged (Sorvall RC-3B, 4500 rpm, 35
by general acigtbase catalysis of structurally conserved min, 4°C), washed with 50 mM potassium phosphate buffer
amino acids and that not only tTrpF but also tHisA protects 4 pH 7.5, and centrifuged again (Sorvall RC-5Cplus, SS34
its substrate with an unusually high catalytic efficiency at rotor, 8000 rpm, 20 min, 4C). Approximately 14 g of cells
80°C. These results further support the assumed evolutionary(wet weight) was obtained, corresponding to 5.6 g/L of
relationship between these two enzymes from different ojqyre. It was reported that NaCl stabilizes the HisA enzyme
metabolic pathways. of Salmonella typhimuriuni14), the sequence of which is
93% identical with that of eHisA. Therefore, all purification
EXPERIMENTAL PROCEDURES steps were performed in the presence of-3000 mM NacCl.
DNA Manipulation and Sequence Analy$tseparation of ~ The cells were resuspended (2 mL of buffer fog of wet
DNA, amplification, extraction, digestion with restriction mass) in 50 mM potassium phosphate buffer (pH 7.5)
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containing 0.3 mM phenylmethanesulfonyl fluoride and tion of megaprimers (newly introduced restriction sites for
3 ug/mL DNase and RNase and disrupted by sonification at the control of the reaction are in boldface type, and new

0 °C (Branson Sonifier 250, 2 2 min, 50% pulse, output

control 5). The resulting homogenate was centrifuged (Sor-

vall RC-5Cplus, SS34 rotor, 15 000 rpm, 50 mirf@), and
NaCl and imidazole were added to final concentrations of
300 and 10 mM to the supernatant. The solution was
centrifuged again under identical conditions. The clear
supernatant was loaded on a@Nthelate column (1.8 cm

x 15 cm, Pharmacia) equilibrated with 50 mM potassium
phosphate buffer (pH 7.5) containing 300 mM sodium
chloride and 10 mM imidazole, at 2C. The column was
washed with 8 volumes of equilibration buffer, and bound
proteins were eluted with 300 mL of a linear gradient from
10 to 500 mM imidazole in equilibration buffer. The His-

codons to introduce an amino acid exchange are underlined).
The 3-primers 5-CTG AAG AGA TTT ATC GCC GGG-
3 (Bglll site deleted) for construction ohisA_D8N, 5-
GAG ATC CAC CAC GGC ATC AGT GTG AA-3(Dralll
site deleted) for construction dfisA_H48A, 5-CGC ATT
CGA GAG ATT CAC CAC GTG AAT-3' (newHphl site)
for construction of hisA_ D51N, and 5GTA ATC GAG
CGA ATT AAT CCC GCC TCC-3(new Vsd site) for
construction ofhiisA_R83N were used together with the 5
primer CyRI 3-TCA CGA GGC CCT TTC GTC TT-3 The
5'-primers 5-GTA ATC GAG CGA ATT AAT CC CGC
CTC C-3 (newMsd site) for construction ofttisA_D127N
and 3-GAG ATC GTA CAT GC G GAG ATC-3 (newNsd

tagged eHisA eluted as a single peak, which however site) for construction ofHisA_T164A were used together
exhibited a broad shoulder. From here on, all buffer solutions yith the 3-primer CyPstl 5TCG CCA GCT AGC TTG

contained 2 mM DTT to prevent aggregation of eHisA,
which is probably due to the formation of unspecific
intermolecular disulfide bonds. Fractions containing eHisA
as judged by SDSPAGE were pooled and dialyzed against
50 mM Tris-HCI buffer (pH 7.5) containing 700 mM NacCl
and 2 mM DTT. Further purification was performed with
high-speed perfusion chromatography using the BioGA

GAT TCT-3. The 3-primer 3-CGT TAT GCC GGC GAT
TTT CA-3 (new Nad site) was used together with th&5
primer C7AU 3-TGT GGC GCC GGT GAT GC-3for
construction oftrpF_C7A, and the Bprimer 3-GAA TTC
CCG ATT CTT CTC AAT ACG A-3 (newEcdRl site) was
used together with the-primer T7E 5-A TTA ATA CGA
CTC ACT ATA GGG-3 for construction oftrpF_D126N.

system (PerSeptive Biosystems, Inc.). To this end, the pooledypo megaprimers were purified by agarose gel electropho-

and dialyzed eHisA was loaded on a Poros CHT10-I column
(1.2 cm x 8.8 cm) containing hydroxyapatite that was
equilibrated with 50 mM Tris-HCI buffer (pH 7.5) containing
300 mM NaCl and 2 mM DTT. The column was washed
with 5 volumes of equilibration buffer, and bound proteins
were eluted with 140 mL of a linear gradient from 0 to 100
mM sodium phosphate in equilibration buffer. eHisA eluted
as two distinct peaks, a minor one a5 mM sodium
phosphate and the main one~a20 mM sodium phosphate.
N-Terminal sequencing of the protein from the small peak

showed that the residues methionine 1 and glycine 2 had

been cleaved off. In contrast, in the protein from the main
peak, only methionine 1 was missing. To investigate a
homogeneous population of molecules, only fractions of the
main peak were pooled, although eHisA from both peaks
exhibited identical enzymatic activities. The pooled fractions

resis and used in the second PCR asd@ 3-primers,
together with CyPstl or CyRI forhisA, and T7E or C7AU
for ttrpF, to produce the full-length product. The double
mutant trpF_C7A_D126N was produced as described for
ttrpF_D126N, but pET11cutpF C7A was used as a tem-
plate. The full-length products were digested witad and
HindlII for thisA, and withNdd and BanHl for ttrpF, and
ligated into pDS56/RBSII and pET11lc, respectively. To
confirm the planned base substitutions and to exclude
inadvertent point mutations, alisA and trpF gene variants
were entirely sequenced.

Heterologous Expression of the thisA and ttrpF Gene
Variants and Purification of the Protein ProduciBhe hisA
gene variants were heterologously expresse. inoli and
purified as described previously)( The yields were between

were dialyzed against 50 mM potassium phosphate buffer 2.8 and 4.3 mg of pure tHisA protein per gram of wet cell

(pH 7.5) containing 700 mM NaCl and 2 mM DTT,
concentrated to 3 mg/mL by ultrafiltration (Centriprep 10,
Amicon), and shock frozen in liquid nitrogen after addition
of glycerol to a final concentration of 10%. eHisA was pure
to more than 95%, as tested by both SEFAGE and
reversed phase HPLC (data not shown). The purification
yielded~7 mg of eHisA per 14 g of wet cells. To remove
the N-terminal His tag by proteolytic cleavage, 200 of
eHisA [0.2 mg/mL in 50 mM Tris-HCI buffer (pH 8.5)
containing 200 mM NaCl and 2 mM Cafivas mixed with

5 uL of thrombin from human serum (Sigma, 100 units/
mL) and incubated at 37C for 3 h. This treatment resulted
in the removal of the His tag from onk¢50% of the eHisA
molecules, as judged by SB®AGE, and in a significant
loss of enzymatic activity (data not shown).

Site-Directed Mutagenesis of thisA and ttrpPoint
mutations were introduced into thhi¢A and trpF genes
with the megaprimer methodl$, 16), using the plasmids
pDS56/RBSII_lisA (17) and pET11c ttpF (18) as tem-
plates. The following oligonucleotides were used for produc-

mass. ThettpF gene variants were heterologously expressed
in E. coli, and the host cells from a 37 L fermenter were
lysed by sonification and treated with heat as described
previously @1, 18). The centrifuged supernatant after the
heat treatment was dialyzed against 50 mM Tris-HCI (pH
7.5), 2mM EDTA, and 1 mM DTT and loaded on a DEAE-
Sephacel column (5 cnx 29.5 cm, Pharmacia) that was
equilibrated with the same buffer, at€. The column was
washed with 2 volumes of equilibration buffer, and bound
proteins were eluted wit3 L of alinear gradient of 0 to
350 mM NacCl, without EDTA. Fractions containing tTrpF
were pooled and loaded on a hydroxyapatite column (3.5
cm x 22.6 cm), which was equilibrated with 50 mM Tris-
HCI (pH 7.5) and 1 mM DTT. The column was washed with
3 volumes of the same buffer, and bound proteins were eluted
with 1.4 L of a linear gradient of 0 to 200 mM potassium
phosphate (pH 7.5). The fractions containing tTrpF were
pooled, dialyzed against 20 mM potassium phosphate (pH
7.5), 1 mM DTT, and 1 mM EDTA, concentrated by
ultrafiltration to 20-25 mg/mL, and stored through shock
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freezing in liquid nitrogen. The yields were between 0.34 variants was performed at a flow rate of 0.5 mL/min on a
and 0.68 mg of pure tTrpF protein per gram of wet cell mass. calibrated Superdex 75 column (1 cem30 cm, Amersham

In Vivo ComplementatioriThe hisA gene variants were ~ Pharmacia Biotech) that was equilibrated with 50 mM
subcloned from pDS56/RBSII into pTNA, which contains a potassium phosphate (pH 7.5) containing 300 mM sodium
truncated derivative of the tryptophanase operon promoterchloride and 1 mM DTT.
that permits constitutive gene expressiorkircoli (13, 19). Steady-State Enzyme Kinetics and Ligand Titratibime
The auxotrophice. coli strain HfrG6 @0), which carries a  isomerization of ProFAR intaN'-[(5'-phosphoribulosyl)-
mutant éisA gene that encodes an inactive eHisA protein, formimino]-5-aminoimidazole-4- carboxamide ribonucleotide
was transformed with the various pTNAiA plasmids, (PRFAR) catalyzed by eHisA and tHisA was followed at
plated on ampicillin-containing minimal medium plat@g) various temperatures, using 50 mM Tris-HCI containing 1
without histidine, and incubated at 3T. mM EDTA and 1 mM DTT. The pH was adjusted at 26

Crystallization and X-ray Structure Determination of the to a value that corresponded to a value of 7.5 at the respective
Complex between tTrpF and Its Product Analogue, Reducedtemperature, assuming/gpK,/°C for Tris buffer of—0.028
1-[(2-Carboxyphenyl)amino]-1-deoxyribulose 5-Phosphate (31). The presence of a sufficient excess of both glutamine
(rCdRP).Crystallization was performed using the hanging and the imidazole glycerol phosphate (IMGP) synthase from
drop vapor diffusion method. In a vapor diffusion experi- T. maritima[1:1 complex of the glutaminase subunit tHisH
ment, drops containing bL of a 19 mg/mL tTrpF protein  and the synthase subunit tHiSE]] led to a rapid conversion
solution were mixed with &L of reservoir solution [0.1 M of the product PRFAR into IMGP and 5-aminoimidazole-
MES buffer (pH 7.0) containing 1.5 M ammonium sulfate]. 4-carboxamide ribotide (AICAR), which prevented product
Crystals were first observed3 days after setting up the inhibition and allowed us to use the decrease in absorbance
drops, and were allowed to grow for at least 2 weeks. Their at 300 nm to monitor the reaction¢z o PRFAR— AICAR)
maximum dimensions were 0.2 mm 0.2 mmx 0.5 mm. = 5.637 mM*! cm™! (7)]. Entire progress curves were
Subsequently, the crystals were soaked in a solution of 0.1recorded and analyzed with the integrated form of the
M MES buffer (pH 7.0) containing 1.6 M ammonium sulfate. Michaelis—Menten equation using the program CO32,(
The concentration of rCdRP was in a stepwise fashion 33) to obtaink.,; and KyPFAR The isomerization of PRA
increased from 0.1 to 1.2 mM by exchange of the soaking into 1-[(2-carboxyphenyl)amino]-1-deoxyribulose 5-phos-
solution. Crystals were mounted in glass capillaries and X-ray phate (CdRP) catalyzed by the tTrpF variants was followed
data were measured on a modified Marconi-Elliott GX-20 at 25°C with a fluorimetric assay33), using 50 mM Tris-
rotating anode generator with a copper anode operated aHCI (pH 7.5) containing 2 mM EDTA and 1 mM DTT. The
40 kV and 50 mA. The data were evaluated with the dependence of initial velocities on the substrate concentration
MOSFLM program package2p). Phases were obtained was recorded and analyzed with the direct linear plot method
using the refined structure of tTrpR23), without solvent (34). The binding of the substrate PRA and the product
molecules (water and phosphate ion), as the starting modelanalogue rCdRP to tTrpF_C7A_D126N was followed by
for difference Fourier methods. All reflections, without fluorescence energy transférl(33, 35) in 50 mM potassium
application of ao cutoff, were used in the refinement of the phosphate buffer (pH 7.5) containing 1 mM EDTA and 0.5
structure. After several cycles of restrained positional and mM DTT.

individual temperature factor refinement using XPLCHR)( Stability Measurements of eHisA, tHisA, and ProFARe

the molecular structure was inspected and rebuilt with the irreversible loss of the circular dichroism (CD) signal in the

molecular graphics program O2%), using SIGMAA- far-UV region after incubation at various temperatures was
weightedF, — F. and &, — F. electron density map£6). used as an operational criterion of the thermostability of

Analytical MethodsPurification of proteins was followed  eHisA and tHisA. Stock solutions of the proteins were diluted
by electrophoresis on 12.5 or 15% SBolyacrylamide gels  to final concentrations of 2427 uM into prewarmed and
using the system of LaemmIR7) and staining with Coo-  degassed 50 mM potassium phosphate buffer (pH 7.5)
massie Blue. During purification, the protein concentration containing 1 mM EDTA and 1.5 mM DTT. The samples
was determined according to the method of Bradf@§).( were overlaid with mineral oil to prevent evaporation and
The concentration of purified proteins was determined by incubated for 10 min in a heating block (Biometra, Trio
absorption spectroscopy at 280 nm with molar extinction Thermoblock) at the respective temperatures, and then put
coefficients that were determined by second-derivative on ice and centrifuged to remove the precipitant. The soluble
spectroscopy9) or calculated from the amino acid sequence protein in the supernatant was diluted 3-fold with 50 mM
(30). Sedimentation equilibrium runs in a Beckman analytical potassium phosphate (pH 7.5). The residual CD signal at
ultracentrifuge (model Optima XL A) were performed with 222 nm was then monitored at 22 for 3 min, and the
eHisA and tHisA at 20C and 23008-26000 rpm. The initial obtained averaged values were plotted against the incubation
protein concentrations were between 0.3 and 0.6 mg/mL in temperature.

50 mM potassium phosphate buffer (pH 7.5) containing  ProFAR hydrolyzes spontaneously in a single-exponential
between 0.4 and 1 mM DTT and EDTA and either 700 mM process that can be followed by a decrease in absorption at
NaCl (eHisA) or 150 mM NaCl (tHisA). The absorption was 300 nm (0). It has been shown by HPLC, UV spectroscopy,
followed at 226 or 277 nm, and the runs were analyzed by and *H NMR that one degradation product is AICAR. A

a self-written computer program that adjusts the baseline second degradation product could not be characterized,
absorbanceA) to obtain the best linear fit of I versus because it further decomposed during purification attempts
the square of the radial distance’)( An assumed partial ~ (10). The rate of ProFAR hydrolysis at 37, 60, and €D
specific volume of 0.73 mL/g was used to determine the was measured in 50 mM Tris-HCI buffer (pH 7.5) containing
molecular masses. Analytical gel filtration of the tHiSA 1 mM EDTA and 1 mM DTT. The pH was adjusted at 25
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‘Cto a_ value that CorreSpond_ed to a value Qf 7.5 at the Table 1: Temperature Dependence of the Steady-State Kinetic
respective temperature, assuming@K,/°C for Tris buffer Constants of eHisA and tHi$A
of —0.028 B1). To exclude any influence of Tris buffer on . - -

> . ’ . enzyme T (°C kca S T K ProFAR M kca{K ProFAR M lS T
the degradation kinetics, ProFAR hydrolysis at @D was Y (€) keals) Ku (M) u W )

also monitored in 50 mM potassium phosphate (pH 7.5). The ©HISA 575 lj'g i'g ?;

measured first-order degradation rates were identical for the nisa 25 0.67 0.6 11

two buffer systems. 37 1.54 0.6 2.6
80 320 <1b >3

RESULTS AND DISCUSSION _ aThe standaro! errors on all constants are less _ﬁaﬁ@P/o. Condi-
Production and Purification of the tHisA and tTrpF “Ol\r/‘lsliz DS'IQAm,l/I Tlr\'/ls"D"fT" F%H 7M5 El‘t the_correszo?’lﬁ/'lr‘?_' .teg‘pi'r ?ﬁfev 1
: : : : : : m ,1m , 5 mM glutamine, an tHisF—tHis
Va.”ams’ and of eHisAThe tHisA protein and its variants complex.? The quality of the data at 8@ only allowed determination
tHISA_DSN, _H48A, _D51N, _R83N, _D127N, and _T164A of an upper limit forKyPoFAR and a lower limit forkea/KyPoFAR

as well as tTrpF variants tTrpF_C7A, D126N, and

_C7A_D126N were produced by expressing the correspond-gp °C. The rate of ProFAR hydrolysis was independent of
ing genes irk. coli. The soluble crude extract was heated the puffer system (Tris-HCI or potassium phosphate) that
to denature most host proteins, which were removed by \yas ysed.

centrifugation. The second purification step involved affinity  Temperature Dependence of the Catalytic Efficiencies of
chromatography on Red Sepharose in the case of the tHiSAwjld-Type tHisA and eHisAFor the determination of the
variants, and both anion exchange and hydroxyapatite catalytic efficiencies of eHisA and tHisA at various tem-
chromatography in the case of the tTrpF variants. The eHiSA peratures, entire progress curves of the conversion of ProFAR
protein was produced if. coli with an N-terminal hexa- o PRFAR were recorded and fitted to the integrated form
histidine tag of 16 amino acid residues, which allowed us to of the Michaelis-Menten equation?, 32, 33). The results
use metal chelate affinity chromatography as the first gre summarized in Table 1. The value of the catalytic
purification step. Residual protein contaminants were re- efficiency parameteke/KnPoRis ~3-fold higher for eHisA
moved by hydroxyapatite chromatography. Attempts 10 than for tHisA, at both 25 and 37C. However, when
cleave off the N-terminal histidine tag of eHisA proteolyti- compared at the corresponding physiological growth tem-
cally were not successful and resulted in a considerable lossperatures of. coli and T. maritima tHisA (>32 M~ st

of enzymatic activity. For this reason and because severalat 89°C) is at least 4-fold more efficient than eHisA (7.9
proteins with and without the N-terminal His tag had identical ,,\-1 s-1 at 37°C). Similarly, tTrpF at 80°C is ~8-fold
enzymatic and ligand binding properti&d§(37), all further  more efficient than eTrpF at 3% (11). In contrast, most
investigations were performed with eHisA that contained the orthologous enzymes from hyperthermophiles and meso-
N—terminal extensiop. Sed@mentation equilibrium runs inthe phjles have comparable efficiencies at their corresponding
analytical ultracen'tnfuge y|eIQed apparent molecular massesphysiological temperatures. This phenomenon of “corre-
of 25.6 kDa for wild-type tHisA and 27.4 kDa for eHisA,  sponding states”38) is probably due to a similar confor-
which are close to the calculated molecular masses of 27.0mational flexibility of mesophilic and thermophilic enzymes
and 28.2 kDa, respectively, for the monomers (data not 4t the optimal growth temperature of their respective hosts
shown). Analytical gel filtration on a calibrated Superdex (39). The physiological rationale for the relatively large
75 column confirmed that tHisA and all of its variants are catalytic efficiency of tHisA might be to outrun the decay
monomers (data not shown). In contrast, tTrpF and its of its thermolabile substrate ProFAR. This hypothesis was
variants are dimers with a calculated molecular mass of tested by comparing the rate of catalytic conversion of
~46.1 kDa (1). The concentrations of the purified variants prgEaAR by HisA ¢q) to the rate of its hydrolysisf) under

were determined by absorption spectroscopy, using calculatecyhysiological temperatures, following previous procedures
molecular extinction coefficients at 280 nr&0f of 12 950 developed for TrpFX1):

M~1 cm™1 for monomeric tHisA and 25 440 M cm™1 for

monomeric eHisA. The molecular extinction coefficient of vy, = [(Kead Kt VK IE o]

dimeric tTrpF was determined to be 27 860 Mm™, using

second-derivative spectrosco®gy. wherek; is the first-order rate constant of ProFAR hydrolysis.
Thermostabilities of eHisA, tHisA, and ProFARhe We assume that the intracellular concentration of eHisA

thermal stabilities of eHisA and tHisA at pH 7.5 were monomers is~2 uM in derepressed cell€l(). Under these
measured by following the decrease in the magnitude of the conditions, and with the measured values at’G70f Keaf

CD signal at 222 nm after a 10 min incubation at various KyP™R (7.9 uM~1 s7%) of eHisA andk, (1.2 x 1075 s™1),
temperatures. Under these conditions, eHisA and tHisA v/uvn ~ 1.3 x 10° (Table 2). From the values at 8C of
display half-denaturation temperatures (50% loss of the initial Ko/ KnuPFAR (>32 uM~* s71) of tHisA andk, (8.8 x 10°*

CD signal) of 40 and 95C, respectively (data not shown). s, vJ/un > 6.4 x 10* (Table 2). As shown previously for
The kinetic stability of the substrate of HisA, ProFAR, was eTrpF and tTrpF11), these large values of the “competition
investigated at pH 7.5 and various temperatures (37, 60, andguotients”vd/v, document that eHisA and tHisA also convert
80 °C) and in various buffer systems (Tris-HCI and potas- their labile substrate to a useful product far more rapidly
sium phosphate) by following the rate of the decrease in than it decays spontaneously (Table 2).

absorbance at 300 nm. The decomposition of ProFAR is an The extremely thermostable enzymes TrpF and HisA from
exponential process with the following half-lives (first-order T. maritimaare at room temperature comparably as efficient
rate constants): 953 min (12 10°°s1) at 37°C, 75 min as their thermolabile orthologues froB coli (Table 1).
(1.5 x 104 s 1) at 60°C, and 13 min (8.8< 104 s ™) at These findings show that high enzymatic efficiency at low
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Table 2: Competition between Spontaneous Hydrolysis and
Productive Processing of the HisA Substrate ProFAR and the TrpF
Substrate PRA

enzyme T(°C) ki(sY°  KealKm (uM~1s7D) vdvpd

eHisA 37 1.2x 1075 7.9 ~1.3x 10°
eTrpP 37  24x10°3 3.3 ~2.8x 10°
tHisA 80  8.8x 10* >32 >6.4x 10
tTrpP 80 1.7x 1072 113.4 ~15x 10t

aThe standard errors on all constants are less th20%. " Data
from ref 11 ¢ First-order rate constant of substrate hydrolysis at the
given temperature! Ratio of catalytic to hydrolysis rates at an assumed
intracellular enzyme concentration ofu (40).

temperatures and high thermostability are not mutually
exclusive properties. Along these lines, novel enzymes that
display a similar combination of properties were recently
generated by rational protein design and directed evolution
techniques41—43). This combination of properties is rarely
found in native enzymes, probably due to a lack of selective
pressure, since enzymes from mesophiles do not require hig
thermostability, and the catalytic efficiencies of hyperther-
mophilic enzymes normally need not be high at low
temperatures4@, 44).

Identification of Catalytically Essential Residues in tHisA
and tTrpF.The catalytic residues are expected to be invariant
in all known HisA sequences, and to be located at the
C-terminal face of the centrg@l-barrel of tHisA, where the
active sites of all knownfda)s-barrel enzymes are found, (

Biochemistry, Vol. 41, No. 40, 20022037

3). Catalytic residues should also donate or accept a proton,
since the HisA reaction probably involves general acid
base catalysis. Six residues that fulfill most of these criteria
were replaced by site-directed mutagenesis with structurally
similar residues lacking the putative functional group (Figure
2). The steady-state kinetic constants of the purified tHisA
variants were compared with the constants of the wild-type
enzyme (Table 3). The catalytic efficiencieg/Ky™ R of
tHisA_H48A, tHisA_D51N, tHisA_R83N, and tHisA_T164A
are only~10—350-fold smaller than thk.a/Ky" AR of wild-

type tHisA, ruling out an essential catalytic role for the
replaced residues. However, Arg83 appears to be important
for substrate binding, becausg, R of tHisA_R83N is
increased~60-fold compared to that of the wild-type
enzyme. In contrast, the residual activity of tHisA_D8N was
too low to be measured even in the presence of high enzyme
concentrations (5Q«M), and the catalytic efficiency of
tHisA_D127N was decreased by almost 4 orders of magni-

htude, mostly due to a drastic reductionkig.

To further investigate the role of the exchanged amino
acid residues for catalysis of the HisA reaction, we tested
the ability of the tHisA variants to complement tihésA
deficiency of an auxotrophik. coli strain. Cells that were
transformed with the plasmid-encoded mutahisA_D8N
and hisA_D127N did not form visible colonies on selective
plates lacking histidine, even afta 1 week incubation at
37°C. In contrast, transformation withisA_T164A resulted

B B B o B2 o o Bs
conserved v PaiDl g v 1 G g HvvdLga n 11 i igGgir
tHisA 1 .MLVVPAIDLFRGKVARMIKGRKENTIFYEKDPVELVEKLIEEGFTLIHVVDLSNAIENSGENLPVLEKLSE. FA. . EHIQIGGGIR 83
exchanged N N
exchanged A
tTrpF 1 MVRVKICGIT.....tiueerenaneonnnns NLEDALEFSVESGADAVGEVEYP. . KSKRY ISPEDARRISVELPPEFVEFRVGVEVNE 63
conserved k cg a ga G I rv a vgvE n

Bi oy B2 o Ba

o B4 oy o Bs os Bs
conserved g v g a d g gw t
tHisA 84 .SLDYAEKLRKLGYRRQIV.SSKVLEDPSFLKSLREIDVEPVEFSLDTRGGRVAFKGWLAEEEIDPVSLLKRLKEYGLEEIVHTEI.. 166
exchanged N A
exchanged N
tTrpF 64 EPEKILDVASYVQLNAVQLHGEEP...IELCRKIAER.ILVIKAVGVSN............ ERDMERAL.NYR...EFPILLDTKTP 130
conserved QlHg e D

A3 B4 Oy Bs s Bo

Ol [e%3 B7 ay Bs ag olg
conserved g Gg d G g al
tHisA 167 .. .EKDGTLQEHDFSLTKKIAIEAEVKVLAAGGISSENSLKTAQKVHTETNGLLKGVIVGRAFLE. . ... GILTVEVMKRYAR. . 241
exchanged
exchanged
tTrpF 131 EYGGS...GKTFDWSLILPYRDR.FRYLVLSGGLNPENVRSAIDVVR...... PFAVDVSSGVEAFPGKKDHDSIKMFIKNAKGL 205
conserved G la ggl pn D sgvE g

Qg B7 7 Bs oy Olg

FiIGURE 2: Conserved and putative essential amino acid residues withjg-barrel enzymes tHisA and tTrpF. A structure-based sequence
alignment between tHisA and tTrpF is showf).(3-Strands are identified with arrows anéhelices with cylinders. Conserved residues are
depicted in uppercase letters for invariant residues in 24 HisA or 40 TrpF sequences and in lowercase letters for residues conserved in at
least 90% of the HisA or TrpF sequences. For exchanged residues, six invariant or conserved residues in the active site of tHisA and two
invariant residues in the active site of tTrpF were replaced individually with structurally similar residues (in boldface).
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Table 3: Steady-State Enzyme Kinetic Constants for Wild-Type (WT) and Mutant tHisA and tTrpF Efzymes
WT tHisA®? D8N tHisA®  H48AtHisA® D5INtHisA’® R83N tHisA  D127NtHisA  T164A tHisA

Keat (S71) 0.67 ND 0.38 0.29 0.23 0.00027 0.018
KmProFAR (44M) 0.60 ND? 2.9 6.4 37.9 2.0 5.6
Keal KmPOFAR (UM ~1 s71) 1.1 ND? 0.131 0.046 0.006 0.00013 0.003
WTe tTrpH C7A tTrpH D126N tTrpH
Keat(s™%) 3.7 ND? <0.001
KanPRA (M) 0.28 NDe 2.1
Keal KnPRA (uM 1 571) 13.3 ND? <0.0005

aThe standard errors for all constants are less tha@%." Conditions: 50 mM Tris-HCI, pH 7.5 at 25, 1 mM EDTA, 1 mM DTT, 1uM
tHisF—tHisH complex, 5 mM glutamine, and between 0.2 (WT) and/50 (D8N) tHisA. Exchange at the following positiongi1, 52, 52, loop
303, 35, andf6 for D8N, H48A, D51N, R83N, D127N, and T164A, respectivélipata from refll. @ Conditions: 50 mM Tris-HCI, pH 7.5 at
25°C, 2 mM EDTA, 1 mM DTT, and between 1.4 nM (WT) and M (C7A) tTrpF. Exchange at the following positiongl for C7A andf6
for D126N. ¢ Not determined, since the activity was immeasurably low. The same is true for the double mutant tTrpF_C7A_D126N.

Ficure 3: Superposition (stereoview) of the active sites of tTrpF (green sticks) with bound product analogue rCdRP (black sticks) and
tHisA (blue sticks) without bound ligand. Carbon atoms are depicted in gray, oxygen atoms in red, and nitrogen atoms in blue; the sulfur
atom of Cys7 is depicted in yellow and the phosphorus atom of rCdRP in pink. Dashed lines represent a salt bridge between the side chain
of Arg36 and the carboxylate group of the anthranilate moiety of rCdRP-(Ndistances of 2.8 and 3.1 A), a hydrogen bond between the
imidazole group of His83 and the GBydroxyl oxygen of rCdRP (NO distance of 2.8 A), and a hydrogen bond between the carboxylate

side chain of Asp126 and the GHydroxyl oxygen of rCdRP (80 distance of 3.0 A). The sulfhydryl group of Cys7 from tTrpF is located

close to the C2atom of rCdRP (SC distance of 3.9 A). With respect to potentially equivalent catalytic residues of tTrpF and tHisA,
Aspl26 (-strand 6 in tTrpF) and Aspl24{strand 5 in tHisA) probably act as general acids and Cys3tiand 1 in tTrpF) and Asp8
(p-strand 1 in tHisA) probably act as general bases (cf. Figure 4). The superposition was performed with ME3).OC (

in visible colonies after 2 days, and all other tHisA variants, tHisA and tTrpF. The invariant Cys7 of tTrpF is located at
including the wild-type enzyme, complemented thisA the C-terminal end of-strand 1 and is equivalent to Asp8
deficiency overnight. Thus, the complementation experiments of tHisA; the invariant Asp126 of tTrpF is located at the
in vivo qualitatively confirm the steady-state measurements C-terminal end off-strand 6 and is equivalent to Thr164 of
in vitro, proving that Asp8 and Aspl27 are essential, and tHisA, but also close in space to Asp127 at the C-terminal
that Thr164 is important for catalysis of the HisA reaction. end of g-strand 5 (Figures 2 and 3). Therefore, to reveal
Moreover, it appears that thiy" R is irrelevant for their importance for catalysis, Cys7 and Asp126 of tTrpF
complementation, since no time difference in colony growth were replaced individually and together by site-directed
was observed between tHisA_R83N and the wild-type mutagenesis, and the steady-state kinetic constants of the
enzyme, althoughkyP™AR was increased significantly by  purified tTrpF variants tTrpF _C7A, tTrpF_D126N, and
the introduced amino acid exchange (Table 3). Most likely, tTrpF_C7A D126N were compared with those of wild-type
ProFAR accumulates in thhisA deficiency strain, thus  tTrpF (Table 3). Whereas the residual activities of tTrpF_C7A
saturating even the variants with increaggg ™R values, and tTrpF_C7A_D126N were too low to be detected, the
making k.a: the selected trait in our experimentd.( catalytic efficiency keof Ky™R” of tTrpF_D126N was de-
The important amino acids (Asp8, Aspl127, and Thrl64) creased at least 20000-fold compared to that of the wild-
of tHisA are located at the C-terminal ends/6trands 1, type enzyme.
5, and 6, respectively (Figure 2). It is plausible to assume Ligand Binding Studies of tTrpF Variants with rCdRP and
that the location of catalytic residues is conserved betweenPRA.Since tTrpF_C7A_D126N has no detectable enzymatic
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Table 4: Data for the X-ray Data Collection and Refinement of the A R L AR
tTrpF—rCdRP Complex /NH e ehanism H _NH
resolution range (A) 20:62.80 ®—°/Tg' B > O— OM B”
no. of measured reflections 28569 o' oM o' oH
no. of unique reflections 6978 PRA / ProFAR Schiff base
completeness (%) 99.3
Rsym (%)a 9.9 “push and pull”
no. of protein atoms 1548 mechanism
no. of waters 8
no. of ligand atoms 23
rmsd for distances (&) 0.010 A R AH R
rmsd for bond angles (deg) 1.8 P oH /h'"_,
Reactor @t start of refinement (%) 35.3 OH _“NH spontaneous _
Ruork at end of refinement (%) 17.0 @— O/TX_( HE O O/Tg—( B
Rree at end of refinement (5% of data, %) 22.8 wo' oM Hot O
reanE acor o e ) a5
meanB-factor for waters (&) 36.4

Rym= Y a2l (MK — (KNS a3 I(MKDD ® Reactor = 3 nial F(hkd)o
= F(hKI)cl/ 3 naF(hKlo.

in PRA and CdRP (TrpF reaction)

activity, this variant offers the possibility of determining
the affinity of binding to the true substrate PRA by NPy e -©)
fluorescence energy transfelrl( 33, 35). The spontaneous o
decay of PRA (cf. Table 2) was compensated by its constant

resynthesis in situ from anthranilate and a 10-fold molar
excess of PRPP catalyzed by anthranilate phosphoribosy
transferase from yeasii], 33). The titrations yielded an

in ProFAR and PRFAR (HisA reaction)
N
N, 1S
|FIGURE 4: Plausible mechanism of the Amadori rearrangements
catalyzed by tTrpF and tHisA. In tTrpF, the general acid AH and
the general base Bare probably identical to Asp126 and Cys7,

isoemissive point at 364 nm (data not shown), indicating
that only one mode of binding of PRA to a specific binding
site is involved. The binding occurred with the expected

respectively; in tHisA, the most likely candidates for AH and B
are Aspl127 and Asp8, respectively (cf. Figure 3 and see the text
for details).

stoichiometry of 2 mol of PRA per mole of dimeric
tTrpF_C7A_D126N and yielded KR of 0.21 uM. The
binding of the product analogue rCdRP (Figure 1) to
tTrpF_C7A_D126N was followed by fluorimetric titration.
The titration yielded an isoemissive point at 378 nm (data
not shown), indicating that only one mode of binding of
rCdRP to a specific binding site is involved. The binding
occurred with the expected stoichiometry (2 mol of rCdRP
per mole of dimeric tTrpF_C7A_D126N) in a noncooperative
manner and with &4°%R? of 0.03 «M, which is 17-fold
smaller than that for wild-type tTrpF1(). Because the its complex with tTrpF. In contrast, the absolute configuration
binding of rCdRP and PRA results in different isoemissive gt the same C2atom of rCdRP is R’ in its complex with
points, the microenvironment of the anthranilate ring of these jndole-3-glycerol phosphate synthase fr@ulfolobus sol-
two ligands within the active site of tTrpF_C7A_D126N fataricus (sTrpC), which is the enzyme that catalyzes the
must be different. subsequent reaction in the biosynthesis of tryptopHdih (
X-ray Structure Analysis of the Complex between tTrpF These differences in diastereomer binding are likely due to
and Its Product Analogue rCdRFo gain more insightinto  specific hydrogen bonding between the-@2droxyl oxygen
the reaction mechanism of tHisA and tTrpF, we attempted of rCdRP, which takes place with His83 in tTrpF HD
to obtain crystals of either of the enzymes with a ligand distance of 2.8 A (Figure 3)] and with Lys110 in sTrpC
bound to the active site. Unfortunately, no stable substrate[N—O distance of 2.5 A46)].
or product analogue is presently available for tHisA. Co-  Catalytic Mechanism of HisA and TrpHisA and TrpF
crystallization of the inactive tHisA_D8N variant (Table 3) are 3a)s-barrel enzymes which catalyze analogous Amadori
with the true substrate ProFAR failed, probably due to the rearrangements of a phosphorylated aminoaldose into the
instability of ProFAR (Table 2). It was possible, however, corresponding aminoketose (Figure 1). It is plausible,
to obtain crystals of tTrpF complexed with its product therefore, to assume that the two enzymes use similar
analogue rCdRP (Figure 1), which, as shown by fluorescencecatalytic mechanisms. Figure 4 shows a putative reaction
titration, binds with high affinity {1). Details about the data  mechanism which involves general acidase catalysis. In
collection and the refinement parameters are summarized inthe first step, the furanose ring oxygen of PRA (TrpF) or
Table 4. The structure of the tTrpfFCdRP complex at a  ProFAR (HisA) is protonated by the general acid AH,
resolution of 2.8 A, superimposed with the structure of tHisA yielding a Schiff base (“imminium ion”) intermediate. A
without a bound ligand4®b), is depicted in Figure 3. It shows  proton is then abstracted from the'G®2om of the ribose by
that the side chain of the conserved residue of tTrpF (Arg36) the general base Bto yield the enolamine form of CdRP
forms a salt bridge with the carboxylate group of the (TrpF)or PRFAR (HisA). Alternatively, the enolamine could

anthranilate moiety of rCdRP @N-O1 distance of 2.8 A,
Ne—02 distance of 3.1 A). The oxygen atom of the
carboxylate group of the invariant residue Asp126 hydrogen
bonds to the C4hydroxyl oxygen of rCdRP (©0 distance

of 3.0 A), which corresponds to the furanose ring oxygen of
the substrate PRA. The sulfhydryl group of the conserved
residue Cys7 is located close to the @m of rCdRP (SC
distance of 3.9 A), which corresponds to the' @m of
PRA. The analysis of the electron density suggests that the
absolute configuration at the Catom of rCdRP is S’ in
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be generated in a single step by a “push and pull mechanism” for catalysis, it is likely that Asp127 is the general acid.
which would require the general acid and the general baseConsequently, Asp126 of tTrpF and Asp127 of tHisA would
to act simultaneously4(7). The subsequent conversion of be located on differenf-strands but nevertheless perform
the enolamine form of CdRP to the keto form occurs the same function, as was observed for essential residues of
spontaneously in the case of TrpF. It is independent of the (6a)s-barrel enzymes from the enolase superfamily (
enzyme concentratior838). Anthranilate and ribose 5-phos-

phate combine spontaneously in the presence of 50% ethanolCONCLUSION

yielding PRA, which tautomerizes spontaneously to CdRP o ) )

(48, 49). Ammonia and ribose 5-phosphate also combine . Several similarities motivated us to study HisA and TrpF
spontaneously to form phosphoribosylamine, but the analo-N Parallel. Both enzymes have thgas-barrel fold and
gous condensation of ammonia with just ribose occurs far Catalyze Amadori rearrangements in two independent aro-
more slowly 60). This observation suggests that the phos- m.atlc amino acid biosynthesis pathways. _Moreover, both
phate group performs intramolecular catalysis. By analogy, HiSA and TrpF must have evolved mechanisms for circum-
the phosphate group of PRA could be enrolled for substrate- Venting the lability of their substrates ProFAR and PRA, the

assisted catalysis in the active site of tTrpF. As shown in elup_idation of which is__ generally interesting_ _and also
Figure 4, however, the phosphate group of rCdRP is too far facilitated by the availability of both the mesophilic enzyme

removed from either the C4ydroxyl group or the C2atom variants fromk. coli and the hyperthermophilic ones from
to qualify as a general acid or general base T. maritima The results presented here suggest that the loss

] . of the labile substrates is prevented by their rapid catalytic
In contrast, the loss of catalytic activity of the tTrpF_C7A  ,rqver rather than by channeling between the enzymes by
variant and the drastic reduction of thkey value of the yhich they are produced or consumed. To suppress the decay
tTrpF_D126N variant (Table 3), as well as the structure of f the supstrates with comparable efficiency, the HisA and
the tTrpF-rCdRP complex (Figure 3) suggest that Cys7 and vy variants fronir. maritimadisplay a significantly higher
Aspl26 may act as the general base and general acidcapaytic efficiency at 80C than their homologues froi.
respectively. In support of this hypothesis, th€a@f the  ¢qji at 37°C. The thermostable forms of HisA and TrpF
SH group of the corresponding Cys residue in eTrpFes3 possess, moreover, significant catalytic efficiency also at
(51), which would allow proton abstraction from the C2  yoderate temperatures. This observation was not expected,
atom of PRA at physiological pH values. In contrast, the g5 most enzymes from hyperthermophiles are only very
side chain carboxylate of Asp126 must be uncharged toyeakly active at ambient temperatures, probably due to
protonate the furanose ring oxygen of PRA, and therefore, stryctural rigidity that ensures high stability but at the same
its pKa value must be increased by several units comparedtime prevents conformational transitions that are necessary
to that of free aspartate. This assumption is supported byfor efficient catalysis §2). Since both HisA and TrpF from
the inspection of the tTrpF structure. Among the eight T maritimaare extremely thermostable, it follows either that
nearest-neighbor residues (threshold of 6 A) of Asp126 the relatively simple Amadori reaction catalyzed by HisA
(His83, Val104, Gly105, Leul24, Leul25, Thrl27, Serl57, and TrpF does not require major conformational rearrange-

and Gly158), five are hydrophobic, making the deprotonation ments or that structural flexibility in these enzymes is
of its side chain energetically unfavorable. A second function restricted to the active sites.

of Aspl26 could be the stabilization of the proposed
imminium intermediate on the reaction pathway (Figure 4),
but the large distance of 6.4 A between the carboxylate group
of Aspl26 and the nitrogen atom of anthranilate in the
tTrpF—rCdRP complex does not support this possibility. As
shown by fluorimetric titration (see above), the simultaneou
replacement of Cys7 with Ala and of Aspl126 with Asn

A plausible reaction mechanism of the Amadori rear-
rangements catalyzed by HisA and TrpF involves general
acid—base catalysis (Figure 4). The replacement of invariant
amino acids at the C-terminal faces of the cenfirhlarrels
identifies three functionally important residues in HisA,
S namely, Asp8, Aspl127, and Thrl64, and two functionally

important residues in TrpF, namely, Cys7 and Aspl26
e(Figure 2). The X-ray structure of the complex between TrpF

phroduhct analcl)gye rC(:dePdalqut Zo'g?ldd This re_sur:t|5uggistsand the product analogue rCdRP (Figure 3) assigns Asp126
that the newly introduced residues bind more tightly to the ¢ e general acid, which protonates the furanose ring

product CdRP than the wild-type residues. Thus, Cys7 andoxygen, and Cys7 as the general base, which abstracts a
Asp126 not only may be involved in the catalytic process .q16n from the C2atom of the ribose. The specific roles
but also could accelerate the d|sso_C|at_|on of the enolammeof the essential residues of HisA are less clear, but by analogy
form of CdRP _from th(_a enzyme, which is then converted to ..y {TrpF, Asp127 would be the general acid and Asp8 the
the keto form in solution33). general base. Interestingly, the replacement of Cys7 in tTrpF,
Without the structure of a tHisAligand complex, only  Asp8 in tHisA, and Aspl11 in tHisF, a83()s-barrel enzyme
circumstantial evidence exists for the specific roles of Asp8, that catalyzes the subsequent step in histidine biosynthesis
Aspl127, and Thrl64 in tHisA. It seems plausible to assume and displays residual HisA activity4), results in the
that structurally equivalent residues are used for catalysis incomplete inactivation of the three enzymes. Cys7, Asp8, and
tTrpF and tHisA. Accordingly, Asp8 of tHisA, which is  Aspll are located at equivalent positions at the C-terminal
equivalent to Cys7 of tTrpF, would act as general base, andends off3-strand 1 of each enzyme. In contrast, the replace-
Thrl64 or Asp127 of tHisA, each of which is equivalent to ment of Asp126 in tTrpF, Asp127 in tHisA, and Asp130 in
Aspl126 of tTrpF (Figures 2 and 3), would act as general tHisF, which are located at the C-terminal endg3eftrand
acid in the tHisA reaction. Since it seems rather improbable 5 or 6, results in a significantly reduced but still measurable
that the hydroxyl side chain of Thr164 could provide a proton k. value (Table 3 and ref3). The structural conservation
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of the only absolutely essential amino acid residue among
tTrpF, tHisA, and tHisF supports the hypothesis that these
three Ba)s-barrel enzymes of aromatic amino acid biosyn-
thesis have evolved from a common ances®r (
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