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ABSTRACT: Anthranilate phosphoribosyltransferase from the hyperthermophilic archaeon Sulfolobus
solfataricus (ssAnPRT) is encoded by the sstrpD gene and catalyzes the reaction of anthranilate (AA) with
a complex of Mg®>" and 5-phosphoribosyl-al-pyrophosphate (Mg-PRPP) to N-(5'-phosphoribosyl)-
anthranilate (PRA) and pyrophosphate (PP;) within tryptophan biosynthesis. The ssAnPRT enzyme is
highly thermostable (half-life at 85 °C = 35 min) but only marginally active at ambient temperatures
(turnover number at 37 °C = 0.33 s™'). To understand the reason for the poor catalytic proficiency of
ssAnPRT, we have isolated from an sstrpD library the activated ssAnPRT-D83G + F149S double mutant by
metabolic complementation of an auxotrophic Escherichia coli strain. Whereas the activity of purified wild-
type ssAnPRT is strongly reduced in the presence of high concentrations of Mg> " ions, this inhibition is no
longer observed in the double mutant and the ssAnPRT-D83G single mutant. The comparison of the crystal
structures of activated and wild-type ssAnPRT shows that the D83G mutation alters the binding mode of the
substrate Mg+ PRPP. Analysis of PRPP and Mg” * -dependent enzymatic activity indicates that this leads to a
decreased affinity for a second Mg? " ion and thus reduces the concentration of enzymes with the inhibitory
Mg,-PRPP complex bound to the active site. Moreover, the turnover number of the double mutant
ssSAnPRT-D83G + F149S is elevated 40-fold compared to the wild-type enzyme, which can be attributed
to an accelerated release of the product PRA. This effect appears to be mainly caused by an increased
conformational flexibility induced by the F149S mutation, a hypothesis which is supported by the reduced
thermal stability of the ssAnPRT-F149S single mutant.

Naturally occurring enzymes must be significantly stable in
order to maintain their native conformations but also sufficiently
flexible to fulfill their manifold catalytic activities. Unraveling the
relationship between structure, function, and stability of enzymes
is relevant, because it will eventually allow us to design enzymes
with a desired combination of stability and activity (/). Important
insights into this problem were obtained by comparative inves-
tigations of extremely stable enzymes from hyperthermophiles
and their labile homologues from mesophiles (2). Enzymes from
hyperthermophiles, which optimally grow close to the boiling
point of water, often are barely active at room temperature but
are as active as their mesophilic counterparts at the correspond-
ing physiological temperatures. It has been postulated that the
low activity of most thermostable enzymes at mesophilic
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temperatures is due to a high structural rigidity, which is relieved
at the elevated temperatures at which hyperthermophilic enzymes
work in vivo [concept of “corresponding states” (3)]. The rarely
found combination of high thermostability and high catalytic
activity at low temperature in native enzymes is probably due
to a lack of evolutionary constraints (4). Enzymes in mesophilic
organisms are under no selective pressure to be stable at elevated
temperature. Similarly, the activities of hyperthermophilic en-
zymes at low temperatures normally need not to be high. Other-
wise, hyperthermophilic enzymes would be much more efficient
catalysts than their mesophilic homologues at the corresponding
optimum growth temperatures, due to the acceleration of che-
mical reactions with increasing temperature. An example are two
(pog-barrel enzymes from the hyperthermophile Thermotoga
maritima, namely, phosphoribosylanthranilate isomerase and
N'-[(5'-phosphoribosyl)formimino]-5-aminoimidazole-4-carboxa-
mide ribonucleotide isomerase, which need to be extremely active
at their physiological temperatures in order to outrun the sponta-
neous degradation of their thermolabile substrates (3, 6).

One approach to unravel the mutual interdependence of
catalytic activity and conformational stability is the generation
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FiGURE 1: Catalyzed reaction and crystal structures of anthranilate phosphoribosyltransferases. (A) Upper panel: Reaction catalyzed
by ssAnPRT. Abbreviations: AA, anthranilate; PRPP, 5'-phosphoribosyl-al-pyrophosphate; PRA, N-(5'-phosphoribosyl)anthranilate;
PP;, pyrophosphate. Lower panel: Minimal catalytic mechanism of the reaction. (B) Ribbon diagram of the X-ray structure of wild-type
ssAnPRT with bound substrates. Coordinates were obtained from PDB entry 1ZYK. For clarity, only one protomer of the homodimer is shown.
The N- and C-termini of the polypeptide chain are labeled. Protein domains are color-coded where the small N-terminal a-domain is yellow and
the large C-terminal o/-domain is purple and cyan. The two bound anthranilate molecules (AA-I and AA-II) are in green; bound PRPPisin gray
(ribose moiety) and orange/red (phosphate moieties). Residues aspartate 83 and phenylalanine 149, which are substituted in the activated variant
by glycine and serine, are displayed in blue. A putative domain motion upon substrate binding and product release is indicated by an arrow.
(C) Stereoplot of PRPP and metal coordination by ssAnPRT-wt (magenta), ssAnPRT-D83G + F149S (golden), and mtAnPRT (cyan).
The structures have been superimposed on the main chain atoms of the conserved acidic motif (D223-E224 in ssAnPRT). Residue numbers and
location of the two bound metals (I, IT) are indicated for ssAnPRT-wt. Stereo is in focused mode.

of enzymes with altered properties, either by rational protein
design or by directed evolution. Such experiments have shown
that enzyme mutants with improved catalytic activities compared
to the wild-type enzyme often display reduced conformational
stabilities (7—12) but that an increase in stability does not
necessarily lead to a decrease in enzymatic activity (/3—18). In
most cases, however, the structural basis of simultaneous changes
in activity, stability, and flexibility has remained unclear.

The members of the family of phosphoribosyltransferases
(PRTases) are involved in the metabolism of nucleotides and
amino acids. PRTases catalyze the Mg* " -dependent displace-
ment of pyrophosphate (PP;)' from 5'-phosphoribosyl-ocl-pyr-
ophosphate (PRPP) by a nitrogen-containing nucleophile,
producing an a-substituted ribose 5-phosphate (/9). On the basis
of their tertiary structures, PRTases have been divided into
different classes. Known members of class I are the orotate
and uracil PRTases (20—22), as well as the purine PRTases,
which transfer ribose 5-phosphate onto adenine, guanine, hypox-
anthine, or xanthine (23). Representatives of class II are the
quinolinate and nicotinic acid PRTases (24, 25).

Anthranilate PRTase (AnPRT) catalyzes the third step
within the biosynthesis of tryptophan, which is the reaction of
anthranilate (AA) with Mg-PRPP, yielding phosphoribosyl
anthranilate (PRA) and PP; (Figure 1A). The X-ray structures

Abbreviations: AA, anthranilate; AnPRT, anthranilate phospho-
ribosyltransferase; PP;, pyrophosphate; PRPP, 5'-phosphoribosyl-al-
pyrophosphate; mtAnPRT, AnPRT from Mycobacterium tuberculosis;
ssAnPRT, AnPRT from Sulfolobus solfataricus; sstrpD, gene encoding
ssAnPRT; wt, wild type.

of the homodimeric AnPRT enzymes from Sulfolobus solfa-
taricus (ssAnPRT) (26, 27), Pectobacterium carotovorum (28),
Mycobacterium tuberculosis (29), Thermus thermophilus (PDB
entry 1V8G), and Nostoc sp. (PDB entry 1VQU) have been
solved at high resolution. Their analysis revealed a novel PR Tase
fold, which is different from the folds of both class I and class 11
PRTases but similar to that of nucleoside phosphorylases. The
AnPRT protomer consists of two domains, a small N-terminal
a-helical domain and a large C-terminal o/5-domain, which are
connected by a hinge region (Figure 1B). The two substrates
AA and Mg-PRPP bind into two different domains within each
protomer and are brought together during catalysis by rotational
domain motions (26). Loosening of the dimer by exchanging two
hydrophobic residues at the interface with negatively charged
ones yielded a monomeric ssAnPRT mutant with unaltered
enzymatic activity but reduced thermal stability (30).

The wild-type ssAnPRT enzyme is extremely thermostable
with a half-life at 85 °C of 35 min (37) and catalytically proficient
at 60 °C with a turnover number of 4.2 s™' (26) but only
marginally active at 37 °C with a turnover number of 0.33 s~ ",
The aim of our study was to generate ssSAnPRT mutants with
an increased activity at ambient temperature. We then wanted
to elucidate the mechanism of activation and to analyze the
consequences for thermal stability. We first generated an sstrpD
gene library from which we isolated the activated ssAnPRT-
D83G + F149S double mutant by in vivo complementation of
an auxotrophic Escherichia coli strain at 37 °C. Subsequent
steady-state and transient enzyme kinetic measurements, X-ray
structure analysis, and thermal unfolding studies suggest that the
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activating effect of the mutations is based on different mechan-
isms. The D83G exchange relieves the strong inhibition of wild-
type sSAnPRT by the Mg,-PRPP complex that forms on the
enzyme at high concentrations of Mg> ", whereas the destabiliz-
ing F149S exchange appears to facilitate product release by
increasing the conformational flexibility of the enzyme.

EXPERIMENTAL PROCEDURES

Generation of a Plasmid Library of sstrpD Genes by
DNA Shuffling (32). The sstrpD gene was amplified by PCR
with Tag DNA polymerase, using pQE40-sstrpD plasmid as the
template (37), and the oligonucleotides CyRI and CyPst (33)
as 5'- and 3'-primers, respectively. The following amplification
conditions were applied: step 1, 95 °C, 1 min; step 2, 95 °C,
30s;step 3,45°C, 30s; step 4, 72 °C, 1 min; step 5, 72 °C, 10 min;
steps 2—4 were repeated 40 times. The amplified DNA was
digested with 2.1 units of DNase I at 20 °C for 17 min, which
yielded fragments in the size range of 50—200 bp. Without further
purification, these fragments were reassembled in a PCR without
added primers, again using Taq DNA polymerase. The following
conditions were applied: step 1, 95 °C, 1 min; step 2, 95 °C, 30's;
step 3,40 °C, 30s; step 4, 72 °C, 1 min; step 5, 72 °C, 10 min; steps
2—4 were repeated 60 times. A final PCR was performed with
Taq polymerase, using the reassembled fragments as template
and the oligonucleotides 5-TTAGGATCCCTGGTTCCGCGT-
GGCAGCATGAACATTAACGAAATTCTGAAAAAACTC-3
(BamHI restriction site underlined; thrombin/trypsin cleavage
site and ATG start codon in italics) and 5-CCACAAAGCTT-
TAGTTTAACCACTACTTTTCA-3 (HindIIl restriction site
underlined) as 5'- and 3'-primers, respectively. The following
amplification conditions were used: step 1, 95 °C, 1 min; step 2,
95°C, 30 s; step 3, 60 °C, 30 s; step 4, 72 °C, 1 min; step 5, 72 °C,
10 min; steps 2—4 were repeated 35 times. The amplified
fragments containing the full-length sstrpD genes were purified,
digested with BamHI and HindlIll, and ligated into the pQE40
vector. Electro-competent DH5a cells were transformed with the
ligation mixture, plated on two oversized metal LB agar plates
(32 x 38 cm) containing ampicillin, and incubated overnight at
37°C. The grown cells were harvested from the plates, and the pool
of pQE40-sstrpD plasmids was isolated. The sstrpD gene library
contained about 10° independent clones, as estimated from the
number of colonies that appeared on an LB agar plate on which
a small volume of highly diluted transformants was streaked.

Selection of ssAnPRT Mutants with Improved Catalytic
Activity. Selection for ssAnPRT mutants with increased cata-
Iytic activity was performed with the help of the E. coli strain
JMB9 (r'm*leu”b™ Afrp LD102) (34). This strain is termed
AtrpEGD here, because it lacks the first three genes of the
tryptophan biosynthetic pathway, which code for the anthrani-
late synthase (TrpEG complex) and the anthranilate phospho-
ribosyltransferase (TrpD = AnPRT). For growth on medium
without tryptophan, AtrpEGD requires supplementation with
anthranilate and transformation with a functional frpD gene.
Electrocompetent AtrpEGD cells were transformed with 3 ug of
the pQE40-sstrpD plasmid gene library, incubated in LB medium
for 1 hat 37 °C, and washed three times with 1% NaCl. The cells
were plated on Vogel—Bonner (VB) medium (35) containing
150 ug/mL ampicillin, 10 ug/mL anthranilate, 0.5% casamino
acids, 0.2% glucose, 10 uM FeCls, and 2 ug/mL thiamin and
incubated at 37 °C until visible colonies appeared.

Site-Directed Mutagenesis. Point mutations were intro-
duced into the sstrpD gene by overlap extension PCR (36, 37)
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using the plasmid pQE40-sstrpD (31) as template. For the
generation of megaprimers by PCR reactions, the oligonucleo-
tides CyRI (33) and 5'- ACAGGTGGCGGCGGATTAGGG-3
(for construction of sstrpD-D83G) or ¥-TTCGTTTTCCTC-
TCTGCACAATACTAT-3 (for construction of sstrpD-F149S)
were used as 5'-primers, and the oligonucleotides CyPstI (33)
and 5-CCCTAATCCGCCGCCACCTGT-3 (for construction
of sstrpD-D83G) or Y- ATAGTATTGTGCAGAGAGGAAA-
ACGAA-3" (for construction of sstrpD-F149S) were used as
3'-primers (new codons are underlined). The megaprimers were
purified and used in a third PCR reaction, together with CyRI
and CyPs:1. The resulting full-length products were digested with
BamHI and HindIII and ligated into pQE40.

Heterologous Expression of sstrpD Genes and Purifica-
tion of Recombinant ssAnPRT Proteins. Wild-type ssAn-
PRT protein and its mutants were expressed heterologously at
37°Cin E. colistrain W3110 trpEA2, containing the helper plasmid
pDM,1 (33). The resulting recombinant protein products were
purified from the soluble fraction of the crude extract by heat
precipitation of the host proteins and metal chelate affinity chroma-
tography. Details of gene expression and protein purification were
similar to our previous studies (26). The purity of the recombinant
proteins as judged from SDS—PAGE was >95%, and the yields
were 0.4—0.8 mg of protein/1 g of wet cell mass. The proteins were
dropped into liquid nitrogen and stored at —80 °C. Enzyme
concentrations were determined by measuring the absorbance at
280 nm, using a molar extinction coefficient for the monomer of
11920 M~ em ™" as calculated from the amino acid sequence (38).

Steady-State Enzyme Kinetics. The ssAnPRT reaction was
followed at 37 °C by a fluorometric assay performed in
50 mM Tris-HCI, pH 7.2, and the indicated concentration of
MgCl, (31), using a CARY Eclipse fluorescence spectrophot-
ometer (Varian). In order to prevent product inhibition, a molar
excess of PRA isomerase (TrpF) and indole-3-glycerol phos-
phate synthase (TrpC) from T. maritima were added. The
Michaelis constants (K" and Ky ®") were determined by
fitting a hyperbolic equation (program SigmaPlot) to the satura-
tion curves that were constructed on the basis of initial velocity
measurements recorded in the presence of an excess (10Ky) of
the second substrate. The turnover number (k.,;) was obtained
by dividing the fitted maximum catalytic rate (V) by the
concentration of active sites ([E]).

Analysis of the PRPP and Mg’ Dependence of Initial
Turnover Rates. Initial turnover rates of ssAnPRT were
recorded for different concentrations of MgCl, and PRPP in
the presence of saturating concentrations of AA. The following
ligand binding model was fitted to the experimental data sets:
it comprises the equilibrium equations for the formation of the
substrate Mg+ PRPP in solution (Kp1) and binding of Mg-PRPP
to sSAnPRT-AA (Kp2). (Since the order of substrate binding is
not known, we cannot distinguish whether Mg-PRPP actually
binds to the preformed ssAnPRT-AA complex or rather to
ssAnPRT, followed by AA binding. However, this is irrelevant
for our analysis.) Binding of free Mg”" to ssAnPRT-AA-Mg-
PRPP yields the ssAnPRT-AA-Mg,-PRPP complex (Kp3):

Mg?* + PRPP°~ = Mg-PRPP*~  (Kpl)
ssSAnPRT-AA +
Mg-PRPP’~ = ssAnPRT-AA-Mg-PRPP*~  (Kp2)
ssSAnPRT-AA-Mg-PRPP® ™ +
Mg?* =ssAnPRT-AA-Mg,-PRPP' ™ (Kp3)
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For fitting the model to experimental data sets the program
DynaFit (BioKin Ltd.) (39) was applied, which computes the
composition of complex mixtures at equilibrium by simulta-
neously solving the mass balance equation for the component
species using the multidimensional Newton—Raphson method.
Kpl, the dissociation constant for the formation of Mg+ PRPP in
solution, was fixed in the simulation to 0.59 mM (40), whereas the
dissociation constants Kp2 and Kp3 and the response coefficient
associated with ssAnPRT-AA-Mg-PRPP were optimized in the
fit (Supporting Information Table S2). Our presumption is that
the concentration of the ssAnPRT-AA-Mg-PRPP complex is
directly proportional to the experimentally determined initial
turnover rates, whereas the ssAnPRT-AA-Mg,- PRPP complex
is unproductive. The analysis was conducted assuming that the
PRPP stock solution contains traces of Mg-PRPP, the exact
value (0.9%) also being optimized in the fitting procedure. Both
for ssAnPRT-wt and ssAnPRT-D83G + F149S, two data sets
(1, variable amount of PRPP at constant concentration of MgCl,;
2, variable amount of MgCl, at constant concentration of
PRPP) were analyzed independently, and therefore two sets of
estimated parameters were obtained. They are shown in Support-
ing Information Table S2, together with their 99% confidence
intervals.

Transient Kinetics. The experiments were performed using a
SX20 stopped-flow reaction analyzer (Applied Photophysics)
thermostated at 37 °C. All given concentrations refer to final
concentrations in the observation cell. Progress curves were
determined in 50 mM Tris-HCI, pH 7.2, by monitoring changes
of fluorescence (excitation wavelength 313 nm; emission cutoff
filter 395 nm), and the results of at least five mixing experi-
ments were averaged. Each set of presented data is representative
of at least two independent series of measurements perfor-
med with different protein batches. An exponential equation
[y = aexp(—kopst) + offset, program SigmaPlot] was fitted to
the data. The fitted ks values were replotted as a function of the
ssAnPRT concentration. The maximum rate, which corresponds
to kiwans in Figure 1A, was estimated by fitting the following
equation to these data:

kobs = SSANPRT Xkirapns/(sSANPRT + Kg)

whereby Kj is the apparent binding constant for anthranilate to
ssAnPRT.

Thermal Denaturation. Thermal denaturation was moni-
tored by circular dichroism in a 0.1 cm cuvette, following the
change in ellipticity at 220 nm in a JASCO J-815 CD spectro-
meter. The enzyme at a concentration of 10 uM in 10 mM
potassium phosphate, pH 7.5, was unfolded by raising the
temperature in 0.1 °C increments at a ramp rate of 1 °C/min
using a Peltier effect temperature controller. Unfolding was
irreversible, due to protein aggregation and precipitation. Mea-
sured ellipticity was normalized, and the midpoint temperature
of the unfolding transition (7;,) was determined. Kinetics of
irreversible heat inactivation were measured similar to our
previous studies (30). Shortly, the proteins were incubated at
80 °C in 50 mM Tris-HCI, pH 6.5, assuming a ApK,/°C for
Tris buffer of —0.028 (41). Aliquots were taken at different times,
chilled on ice, and centrifuged. The residual enzymatic activity of
ssAnPRT in the supernatant was measured at 37 °C in 50 mM
Tris-HCI, pH 7.7.

Crystal Structure Elucidation. Crystals were obtained by
the hanging drop, vapor diffusion method in 24-well VDX plates
(Hampton Research) at 20 °C. Drops consisted of 1 uL:1 uL
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mixtures of protein and reservoir solutions, where the reservoir
contained 18% PEG 1500 (w/v), 10% glycerol (v/v), and 50 mM
MES, pH 6.0, and the protein solution consisted of ssAnPRT-
D83G + F149S concentrated to 5 mg/mL in 10 mM HEPES,
pH 8.0. Crystals grew as thin plates within 3 days. For substrate
complexation in the crystalline state, single crystals of the
apoenzyme were immersed in mother liquor supplemented with
2.5mM PRPP and 1.25 mM MnCl, for 60 min. The long soaking
times were required to allow for lattice reannealing since crystals
underwent visible deterioration upon initial contact with the
ligands. The crystals were then briefly transferred to a cryosolu-
tion composed of soaking medium supplemented with 20%
glycerol (v/v) and rapidly flash frozen in liquid nitrogen. X-ray
diffraction data were collected from a single crystal at 100 K on
beamline X06SA, SLS, Villigen. Data processing used the XDS/
XSCALE suite (42), and phasing was by molecular replacement
in PHASER (43), using the crystal structure of wild-type
ssAnPRT (PDB entry 1ZYK) in its apo form as search model.
Inspection of electron density maps, manual model building, and
refinement were carried out in Refmac5 (44) and Coot (49) until
free and crystallographic R-factors could not be lowered any
further. For cross-validation during refinement, diffraction data
were divided into a working and a test set using FREERFLAG (46).
The model for the PRPP substrate was created and refined
using CCP4 libraries. To avoid model bias PRPP and Mn** ions
were added to the structure only in the latest stages of refinement. X-
ray data collection and structure refinement statistics are
given in Supporting Information Table S3, and coordination
distances between PRPP and metals are given in Supporting
Information Table S4. Stereo representations of ligands bound
to ssSAnPRT-D83G + F149S and their corresponding unam-
biguous electron density maps are shown in Supporting Infor-
mation Figure S1.

RESULTS

Isolation of Activated ssAnPRT Mutants by Library
Selection. The E. coli strain AtrpEGD, which lacks chromoso-
mal genes copies for anthranilate synthase (TrpEG complex) and
anthranilate phosphoribosyltransferase (TrpD), was trans-
formed with an sstrpD plasmid library generated by DNA
shuffling (32). The method produces a point mutagenesis rate
of 0.7%, similar to error-prone PCR (47). The transformants
were plated on minimal agar supplemented with anthranilate, in
order to substitute for the lacking TrpEG complex, and incu-
bated at 37 °C. Whereas AtrpEGD cells transformed with the
wild-type sstrpD gene formed visible colonies after more than
80 h, a number of cells transformed with the sstrpD gene library
grew to a visible size within 16—48 h.

The faster growing colonies were assumed to produce
ssAnPRT mutants with a higher catalytic activity than the
wild-type enzyme at 37 °C, which is more than 40 °C below
the physiological temperature of S. solfataricus (48). From the
seven fastest growing colonies, plasmid was isolated, and the
sstrpD inserts were sequenced. Three of the seven inserts
contained identical mutations. Each of the remaining five
different sstrpD genes coded for several amino acid exchanges
and additionally contained a varying number of silent muta-
tions (Supporting Information Table S1). All but one of the
isolated ssAnPRT mutant proteins carried the exchanges of both
aspartate 83 by glycine (D83G) or asparagine (D83N) and
phenylalanine 149 by serine (F149S). In order to quantify the
increase in enzymatic activity caused by these mutations, the
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FIGURE 2: [PRPP,] and [MgCl,] dependence of the steady-state
activity of ssAnPRT-wt. Initial velocities of the turnover of 5 uM
AA by 0.25 uM ssAnPRT-wt were measured at 37 °C in 50 mM Tris-
HCI, pH 7.2, (A) in the presence of 0.5 mM MgCl, while varying
[PRPP,,] and (B) in the presence of 10 mM PRPP while varying
[MgCl,]. Circles (®) correspond to experimentally measured values,
and error bars indicate the standard deviation observed in at least
two separate experiments. Solid lines represent the best fit with
equilibrium equations of the ligand binding model outlined in the
Experimental Procedures.

ssAnPRT-D83G + F149S protein was overproduced in E. coli
and purified from the soluble fraction of the cell extract. More-
over, in order to evaluate the effect of the individual residue
exchanges, the ssAnPRT-D83G and ssAnPRT-F149S single
mutants were generated by site-directed mutagenesis, and
the recombinant proteins were also produced and purified.
The association states of the three mutants were investigated
by gel filtration chromatography on a calibrated Superdex
75 column. The measured elution times were compatible with a
dimeric association state, as observed for the ssAnPRT-wt
enzyme (31).

Magnesium Dependence of Catalytic Activity. We pre-
viously observed that the catalytic activity of wild-type ssAnPRT
is inhibited by high concentrations of Mg> " (26). In order to test
whether this inhibition has been removed in the selected double
mutant, the initial velocities of substrate turnover by ssAnPRT-
wt and ssAnPRT-D83G + F149S were measured by fluores-
cence spectroscopy at 37 °C. Thereby the anthranilate and
enzyme concentrations were held constant while varying the
concentration of PRPP at a fixed concentration of MgCl,
or varying the concentration of MgCl, at a fixed concentration
of PRPP. The PRPP and MgCl, dependencies of the initial
velocities are shown in Figure 2 for ssAnPRT-wt and in Figure 3
for ssAnPRT-D83G + F149S.
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FiGure 3: [PRPP,,] and [MgCl,] dependence of the steady-state
activity of ssAnPRT-D83G + F149S. Initial velocities of the turn-
over of 30 uM AA by 0.10 uM ssAnPRT-D83G + F149S were
measured at 37 °C in 50 mM Tris-HCI, pH 7.2, (A) in the presence of
1 mM MgCl, while varying [PRPP,,] and (B) in the presence of | mM
PRPP while varying [MgCl,]. Circles (®) correspond to experimen-
tally measured values, and error bars indicate the standard deviation
observed in at least two separate experiments. Solid lines represent
the best fit to equilibrium equations of the ligand binding model
outlined in the Experimental Procedures.

In accordance with expectation the initial reaction rate in-
creased with increasing concentrations of PRPP, both for
ssAnPRT-wt (Figure 2A) and ssAnPRT-D83G + F149S
(Figure 3A). However, for ssAnPRT-wt a marked inhibition
of the activity was observed at MgCl, concentrations higher than
0.1 mM (Figure 2B). In contrast, the activity of ssAnPRT-
D83G + F149S increased up to about 2—5 mM MgCl, and
decreased only moderately at higher Mg”>" concentrations
(Figure 3B). While the single mutant ssAnPRT-F149S was
inhibited by MgCl, to a similar extent as ssSAnPRT-wt, the initial
reaction rate of the single mutant ssAnPRT-D83G was decreased
only at very high concentrations of MgCl, (data not shown), as
observed for ssAnPRT-D83G + F149S.

Crystal Structure Analysis and Modeling of Inhibition by
High Mg>" Concentrations. The X-ray structure of
ssAnPRT-wt in complex with substrates (26) showed that each
of the two protomers of the dimer binds two molecules of
anthranilate, one molecule of PRPP, and two Mg>" ions or
two equivalent Mn”>" ions (Figure 1B,C). The high-affinity
metal-binding site (Mg-I) is defined by interactions of Mg*"
with ribose and pyrophosphate oxygen atoms of PRPP, without
any direct contacts to the protein. The low-affinity metal-binding
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site (Mg-1I) is formed by the 5'-phosphate moiety of PRPP and
the negatively charged protein residues aspartate 223 (D223) and
glutamate 224 (E224). Whereas the Mg-I binding site is common
in all classes of PRTs, the Mg-II site is specific for AnPRTs,
where D223 and E224 are conserved.

We have solved the crystal structure of ssAnPRT-D83G +
F149S in complex with PRPP and Mn”" ions, which can be
identified more reliably in electron density maps than Mg, to
2.25 A resolution. The observed crystal form contains a biolo-
gical dimer in its asymmetric unit, with both protomers exhibiting
identical protein conformations and ligand coordination sites.
Moreover, the protein backbone of ssAnPRT-D83G + F149S
shows no detectable differences to the wild-type enzyme, proving
that the mutations do not alter the overall conformation. The
data reveal, however, that PRPP bound to ssAnPRT-D83G +
F149S adopts an extended conformation that contrasts
markedly with the “S” compact shape observed in complexes
of the wild-type enzyme (26) (Figure 1C). The extended PRPP
conformation resembles but is not identical to the one observed
in AnPRT from M. tuberculosis (mtAnPRT) (29). The altered
binding mode of PRPP causes this substrate to span into the
N-terminal a-helical domain of the double mutant, approaching
the binding sites for anthranilate.

It appears that the “S” shape of PRPP in ssAnPRT-wt is
stabilized by a hydrogen bond between the 5'-phosphate group of
the substrate and the carboxyl side chain of aspartate 83 (26),
which requires that one of the two acidic groups is protonated.
Although an equivalent aspartate residue is present in mtAnPRT
(Figure 1C), its pK, value or that of the 5'-phosphate group of the
bound ligand might be too low to allow for hydrogen bond
formation. Within ssAnPRT-D83G + F149S, the hydrogen
bond is lost as a result of the D83G exchange. For wild-type
ssAnPRT, the 5'-phosphate group of PRPP is involved in the
binding of the Mg-II ion (26). Although a bivalent cation is also
present at related locations in mtAnPRT and ssAnPRT-D83G +
F149S, the 5'-phosphate group of the extended PRPP is too far
apart to contribute to its binding (Figure 1C). We therefore
speculated that the affinity of Mg-II for the active site might be
decreased and thus the propensity for the formation of a
putatively inhibitory Mg,-PRPP complex might be lower in
ssAnPRT-D83G + F149S than in wild-type ssAnPRT.

In order to test this hypothesis, we formulated a corresponding
binding model and applied nonlinear least-squares fitting to
obtain the parameters from the PRPP and MgCl, dependen-
cies of ssAnPRT-wt (Figure 2) and ssAnPRT-D83G + F149S
(Figure 3). The model permits formation of Mg PRPP in solution
(Kpl = 0.59 mM) (40), followed by its binding to ssSAnPRT-AA
(Kp2) and turnover. Binding of free Mg* " to the ssAnPRT-AA -
Mg-PRPP complex (Kp3) results in the formation of an unpro-
ductive ssAnPRT-AA -Mg,-PRPP complex which is not turned
over, accounting for the inhibitory effect of high concentrations of
Mg . In solution PRPP forms a predominant monomagnesium
complex; it also can form dimagnesium complexes in metal-
rich media, but with very low affinity (Kp = 21.3 mM) (40, 49).
Moreover, the 5-phosphate group of PRPP is involved in the
binding of Mg-II in ssAnPRT-wt but not in the activated double
mutant (Figure 1C). For these reasons, we used a model where
the second Mg>" ion associates with the enzyme-bound but not
with the free Mg- PRPP complex, instead of an alternative model
which would permit direct binding of Mg, - PRPP to the active site.

Both data sets, with fixed concentration of MgCl, (Figures 2A
and 3A) or fixed concentration of PRPP (Figures 2B and 3B),
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Table 1: Steady-State Enzyme Kinetic Constants of Wild-Type ssAnPRT
and the Activated Mutants”

ssSAnPRT MgCl,  Ku™ K™ ke

protein (uM)  (uM)  (uM) Ol T S
wild type 50 0.018 47 0.33
wild type 2000 0.020 1540 0.24
D83G + F149S 50 3.6 13 44 13.3
D83G + F149S 2000 3.1 23 13.3 40.3
D83G 2000 0.12 38 2 6.1
F149S 50 12 151 12 3.6

“The steady-state constants were determined from saturation curves,
which were constructed from initial velocities measured at different con-
centrations of AA and PRPP, in the presence of saturating concentrations
of the second substrate (> 10Ky;). The measurements were performed in
50 mM Tris-HCI, pH 7.2 at 37 °C, in the presence of the given concentra-
tions of MgCl,. The values are the averages of two experiments, and
standard errors are less than 10%. © ke, values measured at the respective
optimum concentrations of MgCl, were compared.

were analyzed independently. Nevertheless, the model returned
consistent parameter estimates of the equilibrium constants for
both data sets (Supporting Information Table S2). For wild-type
ssAnPRT the fitting analysis yielded Kp2 values of 50 and
150 uM, whereas Kp?2 values of 150 and 240 uM were calculated
for ssSAnPRT-D83 + F149S. These results indicate that the
Mg PRPP substrate binds with similar affinity to the wild-type
and the double mutant enzyme. However, the fitted Kp3 values
of 60 and 190 uM for ssAnPRT-wt are lower by about 2 orders of
magnitude than the Kp3 values of 14 and >30 mM that were
determined for ssAnPRT-D83G + F149S, indicating that the
affinity of free Mg®" for enzyme-bound Mg-PRPP is much
lower in the double mutant. As a consequence, the capacity
to form the inhibitory ssAnPRT:-AA-Mg, -PRPP complex is
reduced significantly in the activated variant, as suggested from
crystal structure analysis.

Michaelis Constants and Turnover Numbers. Saturation
curves for anthranilate and PRPP, in the presence of an excess of
the second substrate, were monitored for wild-type ssAnPRT, the
ssAnPRT-D83G + F149S double mutant, and the two single
mutants. The deduced Michaelis constants and turnover num-
bers in the presence of different concentrations of MgCl, are
listed in Table 1. For wild-type ssAnPRT, the value of the
Michaelis constant for PRPP reached its minimum at 50 uM
MgCl, and was about 30-fold higher at 2 mM MgCl,, in
accordance with the observed inhibition of catalytic activity at
high concentrations of MgCl, (Figure 2B). The turnover number
(kcar) for ssAnPRT-wt was much less affected by the MgCl,
concentration, both at 37 °C (Table 1) and at 60 °C (26). These
data suggest that Mg,-PRPP acts as a competitive inhibitior of
the binding of Mg-PRPP to wild-type ssAnPRT, in accordance
with the model outlined in the previous paragraph. In contrast,
for ssAnPRT-D83G + F149S, the Ky"*** values at 50 «M and
2 mM MgCl, are practically identical (Table 1). Remarkably, the
Ky™ value of the double mutant is drastically increased
compared to the wild-type enzyme, irrespective of the MgCl,
concentration. Obviously, there was no selective pressure for the
ssAnPRT variants to maintain the low Ky of the wild-type
enzyme, presumably because high concentrations of this sub-
strate (10 ug/mL = 73 uM) were present on the agar plates.
When determined at the respective optimum MgCl, concentra-
tion, the Ky" ¥ values of the ssAnPRT-D83G + F149S double
mutant and the two single mutants are of the same order of
magnitude as for the wild-type enzyme, whereas the k., value is
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increased 40-fold for the double mutant and 6-fold and 4-fold,
respectively, for ssAnPRT-D83G and ssAnPRT-F149S. As a
consequence, the catalytic efficiency parameter ke, /Ky™" of all
variants is lowered with respect to the wild-type enzyme, whereas
kear/ Kna” RFP of ssAnPRT-D83G and ssAnPRT-D83G + F149S
is increased by 2 orders of magnitude.

Rate-Limiting Step of the Reaction. A minimal catalytic
mechanism of the reaction catalyzed by anthranilate phospho-
ribosyltransferase is presented in Figure 1A. Whereas studies on
AnPRT from Saccharomyces cerevisiae suggest that anthranilate
and PRPP bind in a random order sequential fashion (50), we
cannot exclude that a compulsory binding mechanism is effec-
tive in ssAnPRT. In any case, after formation of the ternary
ssAnPRT-AA-PRPP complex, a phosphoribosyl moiety is
transferred from PRPP to AA (described by kians), followed
by the release of the products PP; and PRA (described by ko).
The double mutation D83G + F149S results in an increase of the
turnover number at 37 °C by a factor of about 40 when measured
at the respective optimum MgCl, concentration (Table 1). The
turnover number obtained from the steady-state kinetic data
depends on both the chemical transfer and the product release
step: keat = (Kranskor)/(kuans T Korr). Therefore, the increase in
kea observed for the double mutant could be caused by an
increase of either ki, or ko, depending on whether the
irreversible chemical transfer is rate-limiting and product release
is comparably fast (kyans < kofp), Or vice versa (Kians > Kofr)-

To distinguish between the two possibilities, the turnover
numbers of wild-type ssAnPRT and ssAnPRT-D83G + F149S
determined by steady-state kinetics were compared with the value
of kyans as determined from transient kinetic experiments in a
stopped-flow apparatus. To this end, a preincubated solution
containing AA and an excess of ssSAnPRT was rapidly mixed with
saturating concentrations of PRPP in the presence of the
respective optimal concentration of MgCl,. Under conditions
where the formation of ssSAnPRT-AA -PRPP is complete within
the dead time of the experiment (ssSAnPRT:AA -PRPP ~ [A]o (a1,
single-turnover conditions), the reaction is described by a two-
step irreversible process (Figure 1A). Since the spectroscopic
change occurs at the transition from ssAnPRT-AA-PRPP to
ssSAnPRT-PRA -PP;, the observed first-order rate constant cor-
responds to ki, This conclusion is independent of whether the
two substrates bind with a random or a compulsory mechanism
as long as single-turnover conditions are met. The conversion of
AA to PRA by ssAnPRT-D83G + F149S in the presence of
2 mM MgCl, is shown in Figure 4A, and the corresponding
observed first-order rate constants are plotted as a function of the
enzyme concentration in Figure 4C. Fitting a hyperbolic curve to
the data yielded a limiting value of kygns = 29.6 095" (51, 52).
(The interpretation of the shape of the hyperbola will depend on
the substrate binding mechanism, which is unknown at present.)
The k¢, value determined in a steady-state kinetic experiment
under identical conditions was 13.3 1.1's~ ' (Table 1). From the
relationship kcar = (KransKotr)/(Ktrans + Kofr), it follows that ko =
(kcalklrans)/(klrans - kcat) =242+20 371 (Table 2) Since klrans
and ko are of the same order of magnitude, phosphoribosyl
transfer and product release affect catalytic turnover equally.
When monitoring the enzymatic reaction of ssAnPRT-wt in
the presence of 50 uM MgCl,, we observed deviations from
first-order kinetics (Figure 4B). In order to get an estimate for the
limiting value, we nevertheless plotted the observed rate constants
as a function of the ssAnPRT-wt concentration (Figure 4D). The
hyperbolic fit yielded a kans value of 3.3 £ 0.16 s~ (Table 2),
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but the actual value might be higher since the measured curves are
somewhat steeper than the curves obtained from fitting a simple
monoexponential equation to the data. The k,, value determined
in steady-state measurements under identical conditions was
0.33 £ 0.02 s~ ' (Table 1). Irrespective of the exact value of ki
the relationship ko = (kganskom)/(kuans + ko) implies that the
values of kg and ke, will be very similar (Table 2), demonstrating
that product release is the rate-limiting step in the catalytic cycle of
SSANPRT-wt (ko < kyans). In summary, the comparison of
steady-state and single-turnover data shows that the increased
turnover number of sSAnPRT-D83G + F149S is mainly based on
an acceleration of PRA release.

Thermal Stability. The thermal stabilities of wild-type
ssAnPRT and the activated mutants were determined by heat
denaturation which was monitored using far-UV circular dichro-
ism spectroscopy (Figure S5A). Since thermal denaturation was
irreversible, we used the apparent melting temperatures (7,
as an operational measure to assess the effects of the mutations
on conformational stability. The ssAnPRT-wt protein and
ssAnPRT-D83G showed T, values of 90 and 91 °C, respectively,
whereas the ssAnPRT-F149S protein and the double mutant
exhibited T, values of 82 °C (Table 3). These data show that the
D83G exchange is neutral in terms of stability, whereas the F149S
exchange is destabilizing.

Furthermore, the kinetics of irreversible heat inactivation was
monitored for ssSAnPRT-wt and the activated variants. For that
purpose the enzymes were incubated at 80 °C, and residual
activities of samples withdrawn after different time intervals
were measured at 37 °C. For all ssAnPRT variants, the decay
of enzymatic activity as a function of time was an first-
order process, which allowed us to determine apparent half-lives
(*PP} ;») as an operational measure of kinetic stability (Figure 5B,
Table 3). In accordance with the observed T}, values, sSAnPRT-
D83G (P, = 77 min) resembles ssSAnPRT-wt (™", =
60 min), whereas ssSAnPRT-F149S (""", = 6.0 min) and
ssAnPRT-D83G + F149S (**";, = 4.1 min) lose catalytic
activity much more rapidly.

DISCUSSION

We have isolated from an sstrpD gene library the activated
double mutant ssAnPRT-D83G + F149S. The crystal structure
of ssAnPRT-wt (26) shows that aspartate 83 is part of the
PGTGGD™ loop, which becomes structured upon binding of
PRPP. The second position relevant for activation, phenylalanine
149, is located adjacent to alanine 150, which is part of the
binding pocket for AA-I (Figure 1B). In vitro characterization
of wild-type ssAnPRT and the activated double mutant
demonstrated that the amino acid exchanges have two main
consequences for the enzymatic activity of ssAnPRT, namely,
abolition of inhibition by high Mg®" concentrations and accel-
erated release of the product PRA from the active site.

Removal of Mg Inhibition. A marked inhibition of the
reaction catalyzed by wild-type ssAnPRT was observed at MgCl,
concentrations higher than 0.1 mM, whereas no significant
inhibitory effect on ssAnPRT-D83G + F149S was measurable
up to concentrations of 5 mM MgCl, (Figures 2B and 3B). We
have attributed this difference to a higher propensity for
ssAnPRT-wt to form the unproductive Mg,-PRPP complex,
which is not turned over but competes with the true substrate
Mg PRPP for the PRPP binding site on the enzyme. This binding
mechanism does establish the simplest model that is qualitatively
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FIGURE 4: Transient kinetic analysis of (A, C) ssAnPRT-D83G + F149S and (B, D) ssAnPRT-wt. Solutions containing the indicated
concentrations of (A) ssAnPRT-D83G + F149S and 0.1 uM AA or (B) ssAnPRT-wt and 0.01 uM AA were rapidly mixed with a solution
containing | mM PRPP (concentrations are cell concentrations), and the turnover to PRA was monitored by recording the fluorescence decrease.
A monoexponential equation reflecting a first-order rate mechanism was fitted to the data (data, black line; fit, colored lines). The bottom graphs
show the deviation between data and fit. (C) Fitted exponential decay rates were plotted as a function of ssAnPRT-D83G + F149S concentration.
The hyperbolic fit (black sold line) yielded kyans = 29.6 & 0.9 s~ 1. (D) Fitted exponential decay rates were plotted as a function of ssAnPRT-wt
concentration. The hyperbolic fit (black solid line) yielded kyans = 3.3 £ 0.16 s~ Error bars indicate the standard deviation observed in two
separate experiments. Measurements were performed at 37 °C in 50 mM Tris-HCI, pH 7.5, and 2 mM MgCl, for ssAnPRT-D83G + F149S and in
50 uM MgCl, for ssAnPRT-wt. (Transients of ssAnPRT-wt monitored in the presence of 2mM MgCl, were qualitatively similar but yielded lower

kops values; data not shown.)

Table 2: Rate Constants of Wild-Type ssAnPRT and the Activated
Double Mutant”

ssAnPRT protein Kirans (571 kotr (sfl) keat (sfl)
wild type >33 ~0.33 0.33+£0.02
D83G + F149S 29.6+0.9 2424+2.0 133+ 1.1

“The measurements were performed in 50 mM Tris-HCI, pH 7.2 at
37 °C, in the presence of 50 uM MgCl, (wild type) and 2 mM MgCl,
(D83G + F149S).

consistent with the steady-state enzyme kinetic data and the
crystal structures of wild-type and mutant ssAnPRTs.

Selection of activated sSAnPRT variants was conducted
with AtrpEGD E. coli cells grown on Vogel—Bonner medium,
which contains 0.8 mM Mg,SOy. Since in this concentration
range the intracellular concentration of unbound magnesium
in E. coli cells is the same as the external concentration (353),

ssAnPRT-D83G + F149S was sclected in the presence of
0.8 mM Mg’". Activity of ssAnPRT-wt is reduced at this
Mg*" concentration, due to the binding of Mg,-PRPP and the
resulting increase of the apparent Ky " value. We conclude
that the double mutant was selected either on the basis of its
increased turnover number or its increased key/Ky' Y value
caused by the lack of inhibition by high Mg** concentrations.
A similar decrease of catalytic activity with increasing MgCl,
concentration was observed at 60 °C (26), which makes it
likely that the inhibition is also effective at 80 °C, which is the
optimum growth temperature of S. solfataricus. However, since
the intracellular Mg® " concentration of S. solfataricus is un-
known, it currently remains unclear whether and to which extent
the inhibition is also effective under physiological conditions.
Acceleration of PRA Release. A comparison of the results
obtained in the transient and steady-state kinetic experiments
revealed that the turnover of ssAnPRT-wt at 37 °C is limited by
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FIGURE 5: Thermal stability of wild-type ssAnPRT and the activated
mutants. (A) Thermal denaturation monitored by loss of the far-UV
CD signal at 222 nm. The ramp rate was 1 °C/min. Measurements
were performed with 10 uM ssAnPRT in 10 mM potassium phos-
phate, pH 7.5. (B) Irreversible heat inactivation. Proteins were
incubated in 50 mM Tris-HCI, pH 6.5 at 80 °C, and the time-
dependent decay of the residual activity was measured at 37 °C.
Key: ssAnPRT-wt (@); ssAnPRT-D83G (Vv); ssAnPRT-F149S (H);
ssAnPRT-D83G + F149S (). The values for Ty, and #i7¥ are shown
in Table 3.

Table 3: Unfolding Midpoint Temperatures and Half-Lives of Inactivation
of Wild-Type ssAnPRT and the Activated Mutants”

ssAnPRT protein T (°C) 1% at 80 °C (min)
wild type 90 60

D83G 91 77

F149S 82 6.0

D83G + F149S 82 4.1

“Thermal denaturation of ssAnPRT was monitored by decrease of the
far-UV CD signal at 222 nm in 10 mM potassium phosphate, pH 7.5.
For irreversible thermal inactivation proteins were incubated in 50 mM
Tris-HCL, pH 6.5 at 80 °C. The /¥ values were determined from the
first-order decay of residual activities at 37 °C.

the dissociation of the enzyme—product complex. Since release
of pyrophosphate has been shown to be fast in other PRTases
(34—56) and as we did not observe any product inhibition in the
presence of high concentrations of pyrophosphate (data not
shown), the slow and rate-limiting step in the enzymatic mechan-
ism of ssAnPRT-wt was attributed to the release of the second
product PRA. At 37 °C we measured a forward phosphoribosyl
transfer rate of >3.3s~', which is at least 10-fold more rapid than
the overall rate of forward catalysis (0.33 s~'). Rapid on-enzyme
phosphoribosyl transfer chemistry with slow product release has
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previously been reported for various PRTases, for example,
human hypoxanthine—guanine (HG) PRTase (56) and orotate
PRTase (55), which possess type I PRTase architecture, and
S. typhimurium nicotinic acid (NA) PRTase (54), which is a
type I1 PRTase (57). However, with phosphoribosyl transfer
rates of 1315~ (HG PRTase), 260 s~' (orotate PRTase), and
at least 500 s~' (NA PRTase) at 30 °C for the mesophilic
PRTases the chemical transfer step proceeds far more rapidly
than in ssAnPRT-D83G + FI149S and probably also
sSAnPRT-wt. In contrast, in the activated variant ssAnPRT-
D83G + F149S phosphoribosyl transfer (kyans = 28.3 s~ 1)
and PRA release (ko = 25.0 s~') contribute equally to the
overall rate of forward catalysis (ke = 13.3s7 ).

For the synthesis reaction to proceed, the two substrates
anthranilate and Mg+ PRPP must be brought together, probably
by means of a hinge motion where the N- and C-terminal
domains close upon each other. Indeed, SAXS measurements
with ssAnPRT-wt indicate that the enzyme undergoes a notice-
able compaction upon full occupancy of its active site (26). This
finding suggests that the inherent flexibility of the hinge region is
central to the catalytic function of ssAnPRT, for example, by
limiting the rate of product release from ssAnPRT-wt at 37 °C.
In ssSAnPRT-D83G + F149S, the extended binding mode of
PRPP causes this substrate to span into the o-helical,
N-terminal domain of the enzyme, approaching closely the
binding sites for anthranilate. This change is caused by the
D83G mutation, and as a consequence, a less extensive domain
motion might be required for effective catalysis. Since F149S is
located within the hinge between the two domains of the enzyme,
itis likely that the substitution at this position has an influence on
the dynamics of domain opening and closure movements. It has
been shown that in cases where product release is rate-limiting, an
increase in flexibility along a release channel can go along with
an increased catalytic rate, especially when product dissociation
occurs in the millisecond range (for ssSAnPRT-D83G + F149S:
ko = 25571, t, = 28 ms), a time scale that is similar to that
expected for large amplitude segmental motions (58). For
sSANPRT-wt, the ke, value increases from 0.33 s ' at 37 °C
to 4.2 5" at 60 °C (26), suggesting that the velocity of product
release, which limits the activity of the wild-type protein at 37 °C,
is accelerated at 60 °C by a similar increase in flexibility as
effected by the F149S replacement at 37 °C. Indeed, the melting
temperature of ssAnPRT-D83G + FI149S is decreased by
~10 °C compared to ssAnPRT-wt, and kinetic stability is
decreased to ~10% of wild-type stability, which indicates an
overall destabilization of the enzyme and might go hand in hand
with increased flexibility. A similar effect has been observed with
an activated variant of indole-3-glycerol phosphate synthase
from S. solfataricus, which also shows an increased k., value
due to an increased product release rate (8). This variant is more
rapidly inactivated and more prone to trypsin digestion than
the wild-type enzyme, supporting an inverse correlation of
thermal stability and conformational flexibility. Fluorescence
resonance energy transfer measurements are under way to study
the correlation between local dynamics and product release of
ssAnPRT and its activated mutants in more detail.
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SUPPORTING INFORMATION AVAILABLE

Amino acid exchanges of ssAnPRT mutants isolated by
in vivo complementation at 37 °C (Table S1), parameter estimates
and confidence intervals for the best fit to equilibrium equa-
tions of the ligand binding model outlined in Experimental
Procedures (Table S2), X-ray diffraction and model refinement
statistics of ssAnPRT-D83G + F149S (Table S3), coordina-
tion distances between the pyrophosphate group of PRPP and
metals in ssSAnPRT-D83G + F149S (Table S4), and stereo
representations of ligands bound to ssAnPRT-D83G + F149S
and their corresponding electron density maps (Figure S1).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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