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Abstract

N®-Carboxyaminoimidazole ribonucleotide mutase (N>-CAIR mutase or PurE) from Escherichia
coli catalyzes the reversible interconversion of N5-CAIR to carboxyaminoimidazole ribonucleotide
(CAIR) with direct CO5, transfer. Site-directed mutagenesis, a pH rate profile, DFT calculations, and
X-ray crystallography together provide new insight into the mechanism of this unusual
transformation. These studies suggest that a conserved, protonated histidine (His45) plays an
essential role in catalysis. The importance of proton transfers is supported by DFT calculations on
CAIR and N>-CAIR analogs in which the ribose-5’-phosphate is replaced with a methyl group. The
calculations suggest that the non-aromatic tautomer of CAIR (isoCAIR) is only 3.1 kcal/mol higher
in energy relative to its aromatic counterpart, implicating this species as a potential intermediate in
the PurE catalyzed reaction. A structure of wild-type PurE co-crystallized with 4-
nitroaminoimidazole ribonucleotide (NO,-AIR, a CAIR analog) and structures of H45N and H45Q
PurEs soaked with CAIR have been solved and provide the first insight into the binding of an intact
PurE substrate. A comparison of 19 available structures of PurE and PurE mutants in apo and
nucleotide bound forms reveal a common, buried carboxylate/CO, binding site for CAIR and N°-
CAIR in a hydrophobic pocket in which the carboxylate/CO, interacts with backbone amides. This
work has led to a mechanistic proposal in which the carboxylate orients the substrate for proton
transfer from His45 to N°>-CAIR to form an enzyme-bound aminoimidazole ribonucleotide (AIR)
and CO, intermediate. Subsequent movement of the aminoimidazole moiety of AIR, re-orients it for
addition of CO» at C4 to generate iSOCAIR. His45 is now in a position to remove a C4 proton to
produce CAIR.
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INTRODUCTION

Biochemical studies and genomic analyses of the Escherichia coli and Gallus gallus
carboxyaminoimidazole ribonucleotide synthases (PurEs) indicate that these purine
biosynthetic enzymes provide an unusual example of evolutionary divergence in a highly
conserved, primary metabolic pathway (1-4). Class | PurEs, typified by the E. coli protein and
found in most prokaryotes and fungi, catalyze the reversible transfer of a CO, group from the
carbamate of N°-carboxyaminoimidazole ribonucleotide (N°-CAIR) to C4, yielding 4-
carboxyaminoimidazole ribonucleotide (CAIR) (Figure 1). On the other hand, class Il PurEs,
typified by the G. gallus enzyme and found in higher eukaryotes, form CAIR by reversible
transfer of CO, to aminoimidazole ribonucleotide (AIR) (4). Our laboratories are interested in
the structures of class | and Il PurEs, the mechanisms of these transformations, and the
evolutionary relationship between the two classes of PurEs.

Studies of the E. coli PurE (EcPurE) have been challenging because of the instability of N°-
CAIR (Kgecomp= 0.75 min“! at pH 7.8 and 30°C) (1) and CAIR (Kgecomp Of 0.016 mint at pH
7,50°C) (5). Our early mechanistic studies using [4,7-13C]- N®>-CAIR showed that the CO,
from the carbamate is transferred directly to C4, presumably through an AIR and CO»
intermediate, without the latter dissociating into solution (6). Support for an AIR intermediate
was provided by studies of Alenin et al. which demonstrated that both N°>-CAIR and CAIR
can be generated non-enzymatically from AIR and CO, (7). N5-CAIR is generated rapidly
(second to minute timescale), while CAIR was detected on a much slower time scale (days),
presumably an example of kinetic and thermodynamic control, respectively. The K.t values
for EcPurE for conversion of N5-CAIR to CAIR and for the reverse reaction are both ~103
min1 (1,8). Thus, the enzyme has evolved to control the fate of CO,, rather than dramatically
altering the decarboxylation rates.

The co-crystal structure of EcCPurE with CAIR (EcPurE-AIRX) revealed a disordered nucleotide
(s) in the active site (AIRx) with only the positions of the ribose-5’- phosphate and
aminoimidazole being unambiguous (3). This information, in conjunction with sequence
alignments of many PurEs, provided a model for how the Class | mutase and the Class Il PurE
might differ in the catalysis of their respective transformations. From this sequence analysis,
two common conserved regions were identified between the classes: one includes the P-loop
(G15SxxD) providing the binding site for the phosphate of the nucleotide and the other includes
the 40s loop (S43AH45R46/K). All class | enzymes contain an arginine in this loop, while class
I enzymes contain a lysine. Our initial studies suggested that this lysine was not functioning
as a CO, carrier (6). A third region, the 70s loop, is conserved within each class and is distinct
between classes. This loop was thus postulated to play a major role in governing the differences
in substrate specificity between the class I and class 11 PurEs (3).

While the nucleotide electron density in the EcCPurE-AIRX structure was partially disordered,
the structure eliminated a mechanistic possibility in which AIR and N°-CAIR could bind
simultaneously in a single active site for intermolecular CO5 transfer (3). The structure also
suggested that binding of the N°>-CAIR carbamate in the “hydrophobic” pocket (composed of
Alad4 from the 40s loop and Ala70 and Leu76 from the 70s loop) along with the intrinsic
instability of N5-CAIR might be sufficient to catalyze the 103 rate acceleration observed for
decarboxylation. Previous model studies on the effects of solvent polarity and desolvation on
decarboxylation supported this model (9-11)

Recent studies from the Kappock laboratory on the class | Purk from Acetobacter aceti

(AaPurE) have provided additional insight into potential mechanisms for this mutase reaction
(12). The AaPurE was shown to have a pH optimum of 7, despite the fact that the intracellular
environment of this organism can drop as low as pH 4 (13). Two observations obtained from
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their studies have important mechanistic implications for all class | PurEs. First, mutagenesis
studies of two conserved histidines in the vicinity of the active site indicated that only His59
(His45 in EcPurE) played an important role in catalysis (12). Second, crystals of an inactive

H59N AaPurE at pH 5.4 soaked with CAIR yielded a structure with electron density interpreted
as iSoCAIR, a proposed intermediate in the mutase reaction (Figure 1) (12).

Enzymes have evolved a number of strategies to catalyze decarboxylation and carboxylation
reactions on structurally diverse substrates (14). While many enzymes use organic (thiamin,
pyridoxal, biotin) or inorganic cofactors (Mg2*, Mn2*), others, such as the PurEs, are cofactor
independent. In the conversion of CAIR to N°-CAIR, recent structures of the thiamin-
dependent decarboxylase, pyruvate oxidase (POX), are particularly relevant to the mechanism
of Purk. Witha POX active site mutant (F479W), the authors were able to observe an equivalent
of isoCAIR, that is, 2-lactyl-thiamin diphosphate (LThDP) (15). The carboxylate group of
LThDP was oriented perpendicular to the plane of the thiazolium ring of ThDP inan appropriate
position to maximize p orbital overlap with the & system of ThDP subsequent to C-C bond
cleavage. The carboxylate was found in a hydrophobic pocket between the side chains of
Trp479 and 11e480, hydrogen-bonded with Glu483 and the amide backbone of Gly35. In POX,
decarboxylation of LThDP is rate-limiting as LThDP has been shown to accumulate on the
enzyme in solution (16).

In the N°-CAIR to CAIR direction, the best protein models for PurE involve the
decarboxylation of N-carboxy-biotin (17). Unfortunately there are at present no particularly
informative structures of these enzymes with biotin bound and the mechanisms of
decarboxylation are still being debated (18-20). In addition, the N°>-CAIR carbamate is
significantly more labile than carboxybiotin (t1» > 100 min) (17).

In the studies with EcPurE reported herein, we have used structure, mutagenesis, a pH rate
profile, and DFT-calculations to provide additional insight into the E. coli mutase reaction.
Site-directed mutagenesis of His45 indicates that this residue is essential for catalysis, while
titrations with CAIR monitoring fluorescence changes suggest that binding is not altered by
mutations at this position. Computational methods have been used to define potential roles for
proton transfer in the decarboxylation of N>-CAIR and CAIR. Finally, several new crystal
structures of PurE have been obtained: a co-crystal structure with 4-nitroaminoimidazole
ribonucleotide (NO,-AIR), a sub-micromolar inhibitor E. coli PurE (4,21), and structures with
H45N and H45Q mutant PurEs soaked with CAIR. These are the first Purk structures
containing an intact substrate. These studies together with re-analysis of earlier structural
studies (3) have allowed us to propose a mechanism for this unusual mutase reaction (Figure
1).

EXPERIMENTAL

Materials and Methods

Ampicillin, kanamycin, and all reagents were obtained from Sigma. CAIR, AIR and NO,-AIR
were prepared by published procedures and quantified using published extinction coefficients
(1,8,21). WT E. coli PurE (53 U/mg), E. coli N®-carboxyaminoimidazole ribonucleotide
synthetase (EcPurK, 28 U/mg), and E. coli succinoaminoimidazole carboxamide
ribonucleotide synthetase (EcPurC, 56 U/mg) were purified as previously described (8). All
enzyme assays were carried out on a Cary 3 UV-Vis specotrophotometer with temperature
regulation using a Lauda water bath. One unit of enzyme activity corresponds to 1 umol of
product formed minL,
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Preparation of PUurE mutants

Primers for preparation of H45N, H45Q, and H45W mutant EcPurEs were made by the MIT
Biopolymers Facility or Gibco BRL Lifetech (Supplemental Materials, Table 1). Mutagenesis
was carried out using the Kunkel method (22) on pNC2, which encodes both EcPurE and
EcPurK under an IPTG-inducible promoter (6). The desired mutation in each plasmid was
confirmed by DNA sequencing at the MIT Biopolymers Facility.

Expression and Purification of PurE mutants

PurkE mutants were expressed in PCO135 E. coli (purE-, CGSC#5403, Yale E. coli Genetic
Stock Center). Competent PCO135 E. coli were prepared using the CaCl, method (23) and co-
transformed with pNC2-H45N, -H45Q, or -H45W and pGP1-2, which encodes the T7 RNA
polymerase under control of the temperature-sensitive A repressor (24). Colonies were selected
for growth on LB/agar plates at 37°C containing 50 pg/mL ampicillin and 35 pg/mL kanamycin
present in all growth media.

A single colony was used to inoculate a culture (100 mL of LB) that was grown overnight at
37°C with shaking at 200 rpm. A portion of this culture (10 mL) was then collected by
centrifugation at 3000 rpm for 10 min at 4°C, washed with ice-cold PBS, and used to inoculate
1L of LBina2 L flask containing a stir bar. This culture was grown at 37°C at 200 rpm until
an ODgqg of 1.0 was reached, at which point an equal volume of LB at 49°C was added while
vigorously stirring the media. The cells were then grown for an additional 4 h at 37°C with
shaking at 200 rpm. Cells (~ 10 g/L media) were collected by centrifugation and frozen at -80°
C.

Purification of PUrg Mutants

All purification steps were carried out at 4°C. Cells (~9 g) were resuspended in 5 mL/g Buffer
A (100 mM Tris pH 7.8) to which 200 U of DNase | (2000 U/mg, Roche), 200 U of RNase
(30 U/mg, Roche), 0.1% (w/v) phenylmethylsulfonyl fluoride, and 6 mM B-mercaptoethanol
were added. The cells were lysed by 2 passes through a French press at 14,000 psi. Cell debris
was removed by centrifugation at 19,000 rpm for 20 min in a Beckman JA25.5 rotor.
Streptomycin sulfate (6% wi/v, 0.2 volumes) was then added to the supernatent over 20 min
and the solution was stirred for an additional 20 min before centrifugation as above. The mutant
proteins were then precipitated with (NH4)»,SO4 and purified by DEAE Sepharose and
hydroxyapatite chromatography as previously described for wt PurE (8). Protein concentration
was determined using the calculated extinction coefficient (2go=13,940 M1 cm1 for wt PurE,
ProtParam, www.expasy.ch), and typical yields of the mutant PurEs were 10 mg/g cells. New
hydroxyapatite and Sephadex G-25 resin were used in purifying each mutant Purg, and DEAE
Sepharose FF resin was cleaned thoroughly between uses to avoid contaminating PurEs from
previous runs. The identity of each mutant was confirmed by ESI-MS (MIT Biopolymers
Facility).

Enzyme Assay for N5-CAIR to CAIR

A modified version of the coupled assay of Davisson was used (25). The assay buffer contained
in a final volume of 600 uL: 50 mM HEPES (pH 7.5), 10 mM MgCl,, 2 mM PEP, 0.5 mM
ATP, 10 mM L-aspartate, 1.2 U pyruvate kinase (451 U/mg, Sigma P-7768), 2.5 U EcPurK,
2 U EcPurC, and variable amounts of PurE (60—600 pM for mutant PurEs, 1-10 nM for wt
PurE) at 23°C. After pre-incubation for 2 min, the reaction was initiated by addition of 37 pM
AIR, and succinoaminoimidazole carboxamide ribonucleotide (SAICAR) formation was
monitored directly (eog, = 8,607 M- cm™1).
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Enzyme Assay for CAIR to N>-CAIR

The assay buffer contained in a final volume of 600 pL: 100 mM Tris pH 8.0, 2-1,000 uM
CAIR, and variable amounts of PurE (60—600 uM for mutant PurEs, 1-10 nM for wt PurE)
at 37°C. The reaction was monitored directly by the disappearance of CAIR (Agp5¢ = 7,710
M- cm1 at pH 8.0) as previously described (8). The kinetic parameters were calculated using
Equation 1 and non-linear least squares fitting of the data using Kaleidagraph software
(Synergy). Cuvettes with different path lengths were required at high concentrations of CAIR
and PurE.

V=Vinax [S1/ (Kn+[S]) ()

pH Rate Profile for Conversion of CAIR to N5-CAIR by wt Purg

A three component, constant ionic strength, buffer system was used at 37°C (26). In the pH
range 5.1 to 8.8 the components were 100mM Tris/50 mM MES/50 mM acetic acid, and the
pH was adjusted by addition of 12 M HCI or 10 M NaOH. At pH 9.2 and 9.5, the buffer
components were 100 mM ACES/52 mM Tris/52 mM ethanolamine, and the pH was adjusted
by addition of 10 M NaOH. Before and after each experiment, the pH of the assay solution
was verified using a glass semi-microelectrode (9103BN, Thermo Orion).

In order to calculate PurE activity at each pH, Aeysg values were obtained at each pH derived
from endpoint assays. CAIR was quantified using ;50 = 10, 980 M1 cm™ at pH 8.0 in 100
mM Tris (8). A known concentration of CAIR (100 uM) was then added to 0.6 mL of the three
component buffer system at each pH, and the absorbance spectrum was immediately recorded.
Sufficient wt PurE (5 U/mL) was then added to the cuvette to rapidly consume all of the CAIR.
The final A,go was subtracted from the initial Aysg, and the result was divided by the initial
CAIR concentration to yield the Aeysg at each pH (Supplemental Materials, Table 2).

Ateach pH, initial velocities were determined using the conditions described above with CAIR
being varied from 7—350 uM. Background rates of non-enzymatic CAIR decarboxylation at
each pH were determined and substracted from the initial velocities (Table 2, Supplemental
Materials). At each pH, two independent experiments were carried out and Kgg; and Kea/Km
were determined by independent fits to Equation 1. These values obtained were then averaged
and used in Equation 2 with non-linear least squares fitting with Kaleidagraph (Synergy) to
obtain pK; and pKy where Keat OF Keat/ K = Kobs and Kmax 1S the pH-independent parameter for
Keat OF Keat/ K.

ki
log (kons) =log {%
I+t g @)

Fluorescence Titrations to Monitor NO»-AIR and CAIR Binding to wt and mutant PurEs

Fluorescence measurements were made using a QuantaMaster 4 SE fluorimeter (Photon
Technology International) at 23°C. Samples were excited at 295 nm and the emission was
monitored 310-500 nm at a scan rate of 0.1 s/nm with 5 nm slits. Titrations were carried out
by addition of 1 pL aliquots of 0.4 mM NO,-AIR to wt PurE (750 nM monomer) in 10 mM
KP; (pH 7.8). Titrations of the mutant PurEs (3 pM monomer) in 10 mM KP; (pH 7.8) were
carried out by addition of 1 pL aliquots of 1 mM CAIR. Spectra were corrected for both CAIR
or NO»-AIR fluorescence background and enzyme dilution.

Fluorescence intensities at the emission Amayx (335 nm) were plotted as (Fo-F)/Fo, where Fq is
the starting fluorescence intensity before addition of ligand and F is the observed fluorescence
at each ligand concentration. The data were then fit to Equation 3 using Kaleidagraph software
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(Synergy) where L is the concentration of CAIR or NO,-AIR, E is the concentration of PurE
monomer, and Ky is the dissociation constant.

Fo-F (Ka+ [ L1 +[E] = V(Kg+ [ L1+ [E)* - 4[L][E]

=AF nax
F, 2[E] ©)

Characterization of the Mutant PurEs Quaternary Structure by Sedimentation Velocity
Analytical Ultracentrifugation (SV-AUC)

SV-AUC experiments were carried out on an Optima XL-1 analytical ultracentrifuge
(Beckman Coulter, Fullerton, CA) at the Biophysical Instrumentation Facility at MIT). Before
each experiment, protein samples (wt, H45N, H45Q, or H45W PurE, 0.5 mM) were dialyzed
against PBS for 24 h at 4°C in a Slide-A-Lyzer cassette with a 10 kDa MWCO membrane
(Pierce). Samples were diluted to 18 uM with the dialysis buffer and placed in double-sector
Epon centerpieces with quartz windows in an An60Ti 4-hole rotor. Sedimentation at 30,000
rpm was monitored for 24 h at 25°C by continuous scanning at 280 nm along the length of the
cell.

SEDNTERP software was used to calculate buffer density (1.00399 g/mL), viscosity (0.010183
P), and protein partial specific volume from the amino acid content (0.7421 mL/g for wt PurE)
(27). Data (~200 traces for each experiment) were fit using SEDFIT88 from 1-20 S using a
continuous distribution of sedimentation coefficients (C(s)) derived from solutions to the
Lamm equations (28). The C(s) results were converted to a molecular weight distribution (C
(m)) by SEDFIT88, and data were integrated using Kaleidagraph software (Synergy).

Complementation of PCO135 purE- E. coli by Mutant PurEs

PCO135 cells were transformed with pNC2, pNC2-H45N, pNC2-H45Q, or pNC2-H45W and
pGP1-2 as described above. A single colony from a fresh transformation was then used to
inoculate 5 mL of LB with 50 pg/mL ampicillin and 35 pg/mL kanamycin for 8 h at 37°C. The
cells were collected by centrifugation at 3,000 rpm at 4°C for 10 min and washed with 2 x 5
mL ice-cold M9 minimal medium. The cells were then resuspended in 1 mL of M9 medium
and 10 pL was spread onto M9 agar plates with or without 1 mM adenine and 1 mM guanine.
The plates were incubated at either 30 or 37°C, and cell growth was monitored after 16, 24,
48, and 72 h.

DFT Calculations of Tautomerization Energies of AIR, CAIR, and N>-CAIR Analog

The ribose-5’- phosphate groups of AIR, CAIR, and N>-CAIR were replaced by methyl groups
in all computational studies. Ground state geometry optimizations were then carried out using
Gaussian 03 (29) with the B3LYP hybrid functional (30,31) on the N1-methyl derivatives and
their tautomers. For C, H, O, and N the 6-311+G(d) basis set was used. Due to the use of diffuse
functions of this basis set, a tight self-consistent field was employed to provide the most
accurate energy values. All calculated structures were verified to be local minima (all positive
Eigenvalues) for ground state structures by frequency calculations. The energies obtained by
DFT for each N1-methyl derivative and its tautomer were then compared.

DFT Calculations on C-CO, and N-CO, Bond Lengths in Protonated CAIR and N>-CAIR

Analogs

The effect of protonation at N3, C4, or N5 on bond length of C4 or N5 to CO, of each N1-
methyl derivative and its tautomer was studied using Gaussian 03 and the ground state
optimized structures determined above. A proton was added to each position in silico and the
resulting structures were then re-optimized using the same procedures as described above.

Biochemistry. Author manuscript; available in PMC 2008 October 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hoskins et al. Page 7

Crystallization of wt PurE with NO»-AIR

PurE was exchanged into 100 mM Tris pH 8.0 buffer using a Micro Bio-Spin chromatography
column from Biorad. The protein was diluted to a concentration of 20 mg/mL (1.1 mM) and
mixed with 10 mM NO,-AlIR. The PurE: NO,-AIR complex was then crystallized using 24 %
PEG400, 0.2 M Mg(NO3),, and 100 mM Tris buffer, pH 8.0 as the reservoir solution as
previously described (3). Crystals were flash-frozen in liquid N, before data collection using
20% ethylene glycol in the mother liquor as a cryoprotectant.

Crystallization of H45N and H45Q PurE followed by soaking with NO,-AIR and CAIR

H45N and H45Q PurEs were exchanged into 100 mM Tris pH 8.0 buffer using a Micro Bio-
Spin chromatography column. Diffraction quality H45N and H45Q PurE crystals were
obtained using conditions identical to those previously described for the wt PurE (3). The
mutant crystals were soaked in a mother liquor solution containing either 10 mM CAIR or 10
mM NO,-AIR for 1 h prior to freezing in liquid N, with 20% ethylene glycol in the mother
liquor as a cryoprotectant.

Data collection and processing

Data for the ECPUrE-NO,-AIR complex were collected at the beamline X12C of the National
Synchrotron Light Source with a BRANDEIS CCD detector, and a 1° oscillation step, 60 s
exposure time and 170 mm crystal to detector distance. Data for the EcCPurE-H45N-CAIR
complex were collected with a rotating anode X-ray generator using a R-AXIS IV detector
with 0.5° oscillation step, 15 min exposure time and 300 mm crystal to detector distance. Data
for both EcPurE-H45Q-CAIR and EcPurE-H45Q-NO»-AIR complexes were collected at the
beamline 241D of the Advanced Photon Source. For both data sets, a Quantum 315 detector
was used to record diffraction images with a 1° oscillation step and a 1 s exposure time.

The HKL2000 program suite was used to integrate and scale all data (32). All four data sets
were processed in the tetragonal body-centered space group, 1422, with one molecule per
asymmetric unit. The cell dimensions were a=112.5 A, ¢ = 49.8 A for the EcPurE-NO»-AIR
complex with solvent content of 44%; a = 111.3 A, ¢ = 49.2 A for the EcPurE-H45N-CAIR
data, a=111.3 A and ¢ = 49.4 A for the EcPurE-H45Q-CAIR data set, anda=111.7 A, ¢ =
49.4 A for the EcPurE-H45Q-NO,-AlR data with 43% solvent content for all the mutants. The
data processing statistics are shown in Table 1.

Structure solution and refinement

All structures were determined by molecular replacement using the published EcPurE structure
as a search model (PDB ID 1QCZ) (3). Rigid body refinement from the CNS program suite
was used as the starting point (33). Subsequent refinement included several rounds of simulated
annealing, B factor refinement, minimization in CNS, and Refmac5 refinement in CCP4i,
followed by manual model refinement in COOT (34,35). The ligands were modeled in based
on clear Fo-F; density. Water molecules were included in the later rounds of refinement.
Quality of the final models was assessed using PROCHECK (36). The refinement statistics
are summarized in Table 2.

Preparation of Figures
Figures 6-7 and Supplemental Figures 6-10 were prepared using Pymol (37).
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RESULTS

His45 is an Essential Residue in PurE

Crystal structures of the octameric E. coli and A. aceti PurEs soaked or co-crystallized with
CAIR suggest that His45 (or its equivalent) is the only likely residue in the active site to function
as a general acid/base catalyst (3,12). This residue is absolutely conserved in both class | and
Il PurEs. We have made mutants of His45 in E. coli PurE. To avoid contamination of these
mutants with endogenous wt PurE present in uM levels inside the cell (38), our mutants were
expressed from a plasmid in the PCO135 E. coli strain, a purine auxotroph with a purkE genotype
(39). Recent sequence analysis of the purE gene in this strain revealed that the genotype
contains a stop codon at Trp151, potentially resulting in formation of a truncated and inactive
PurE (12). By expressing PurE mutants in this E. coli strain, background levels of PurE activity
were reduced such that His45 mutants with activity 1/10% that of the wild type PurE could be
studied. PurE mutants in this strain were readily expressed and purified to homogeneity by
modifications of our previously published procedure (15% SDS-PAGE, Supplemental
Materials, Figure 1) and their identity confirmed by ESI-MS (Supplemental Materials, Table
3).

The assays for PurE in the forward and reverse directions and the complications, in large part
associated with the instability of N°>-CAIR and CAIR, have been described previously in detail
(8,25). The results of the assays in each direction for wt and mutant PurEs are summarized in
Table 3. They suggest that His45 plays an essential role in catalysis with the H45N mutants
possessing activity < ~10% wt-PurE activity in both the forward and reverse directions. H45Q-
PurE, on the other hand, had very low, but detectable, activity. These results are comparable
to the recent studies reported with AaPurE. In those studies, activity was measured in the CAIR
to N®-CAIR direction for the H45 equivalent (H59N) and was < 0.00008 s, while the activity
for the H45Q mutant was 1/10* the wt activity (12).

In vivo Complementation

The PCO135 E. coli strain was used to investigate whether these His45 mutant PurEs could
complement purine auxotrophy. Cells co-transformed with a pNC2-based plasmid containing
a mutant purEgene as well as purK (which encodes the amidoligase required to generate N°-
CAIR) and pGP1-2 were selected for growth on plates containing minimal media with and
without the addition of adenine and guanine. To our surprise, all of the cells containing Purg
mutants were able to grow in the absence of added purines at rates similar to cells with wt
purE added in the same vector. A control in which PCO135 cells were transformed with a
plasmid containing purK but not purE, failed to grow (data not shown), indicating that a
purEgene is essential for g rowth. These results are similar to those recently reported with the
AaPurE. (12). Interestingly, in the case of AaPurkE, complementation was only observed in the
presence of AaPurK, indicating that the AaPurE cannot accept substrate from the endogenous
EcPurK, implying an interaction between the proteins in vivo (12).

A possible explanation for mutant activity in vivo is that mixed PurE octamers are formed from
the truncated purE gene product and the overexpressed PurE mutants. We propose that this
heterooligomer possesses sufficient CAIR activity to support bacterial growth.

Analysis of CAIR Binding to Inactive PurE Mutants by Fluorescence Titration

EcPurE contains two tryptophans, and the complexed structures with NO,-AIR and CAIR
described below suggest that Trp20, adjacent to Asp19 which serves as a ligand for both the
2’ and 3" hydroxyls of the nucleotide, might serve as a probe for substrate binding. Fluorescence
studies of the inactive PurE mutants showed that they possessed an intrinsic fluorescence
emission at 335 nm. We examined the possibility that titration of the PurE mutants with CAIR
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might alter the fluorescence emission and allow measurement of the Ky of CAIR. No
fluorescence change was observed when CAIR was added to H45W PurE. However with both
H45N and H45Q PurEs, large decreases in fluorescence were observed upon CAIR addition
and an additional blue-shift in fluorescence from 345—335 nm was observed with H45N
(Supplemental Materials, Figure 2). Data were fit to Equation 3 to give a K4 0of 16.3 + 2.6 uM
and 20.9 = 1.9 uM, for H45Q and H45N, respectively (Figure 2 and Table 3). Similar
experiments with AaPurE have been carried out (12) and several distinctions between the Ec
and AaPurEs are apparent. The EcPurE data were best fit using a model for full occupancy of
the PurE active sites, in agreement with the full occupancy observed in the H45N-CAIR and
H45Q-CAIR structures described below. The AaPurE data gave results that were best fit to a
model with partial occupancy of the active sites, consistent with the partial occupancy observed
in several AaPurE crystal structures (12). The Kgs for CAIR binding to the H59N and H59Q
AaPurEs are twenty fold lower those measured with EcPurk and small fluorescence increases
rather than large fluorescence decreases with EcCPurk were observed upon CAIR titration
(12). The basis for the differences in binding and subunit occupancy between EcPurE and
AaPurE are not clear.

Previous studies by Davisson have shown that NO,-AIR is a competitive inhibitor of ECPurE
with a Kjs of 0.5 uM (4,21). NO»-AIR is proposed to be a CAIR analog, and we have used this
analog with wt-PurE in crystallization studies described below. In addition, Davisson’s
laboratory has shown that this analog binds 103 more tightly to a class 11 G. gallus PurE than
the class | E. coli PurE (4,21) suggesting that its mode of binding might be mechanistically
informative. Titration of wt-PurkE with NO,-AIR also shows a decrease in intrinsic tryptophan
fluorescence (Amax = 335 nm) giving rise to a K4 of 86 + 31 nM (Figure 2B and Supplemental
Materials, Figure 2). No fluorescence changes were observed upon titration of wt PurE with
either AIR or ribose-5’-phosphate, indicating that that the structure of the base is important for
binding events and conformational changes that give rise to a fluorescent signal (data not
shown).

SV-AUC Experiments to Define the Quaternary Structure of the His45 Mutant PurEs

The active site of PurE lies at the interface of three monomers (3). It was therefore important
to determine that the His45 mutations do not affect the protein’s quaternary structure. SV-AUC
was used to determine the molecular weight distribution of oligomers. As shown in
Supplemental Materials Figure 3 and Table 4, the predominant species in solution for all the
PurEs is the octamer, indicating that loss of activity with these mutants is not due to disruption
of the quaternary structure.

pH Rate Profile

In an effort to obtain further insight into the role of His45 in catalysis, a pH-rate profile for
CAIR decarboxylation catalyzed by wt EcPurE was determined. As noted above, the
instabilities of N>-CAIR and CAIR as well as the changes in their extinction coefficients as a
function of pH, have made this analysis challenging, especially at low pH. Assays at pH < 5.1
are not possible due to the rate of non-enzymatic CAIR decarboxylation relative to the observed
enzyme activity. Both the kqot and keqt/ K profiles appear to be bell-shaped and are shown in
Figure 3. The data for ke, vs. pH profile were fit to Equation 2 and gave pK; =5.9 + 0.4 and
pK, 8.6 + 0.4. These values are very similar to those recently obtained for the AaPurkE, pK; =
5.1£0.2 and pK, = 8.4 £ 0.1 (12). The data for the kea/Knm, versus pH-rate profile were also
fit to Equation 2 and gave pK; = 6.7 £ 1.6 and pK, = 7.5 + 1.5. Unlike the AaPurE enzyme,
the best fit for EcPurE is associated with a single ionization event on the acidic side of the
profile. The values are, however, similar to those observed in AaPurE, in which data were fit
to a model containing two indistinguishable ionization events for pK; (pK; = 6.0 £ 0.1, pK»y
=7.2+0.1) (12).
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The pK; on the acidic side of the kqq/Kpy, profile could be associated with protonation of N3
of CAIR as a pKj, of 6.3 has been previously reported (5). The k¢4 profile on the acidic limb
is difficult to rationalize. The instability of the nucleotides and inability to measure extinction
coefficients for N°>-CAIR at pH 6 and lower, suggest that any analysis on this limb should be
viewed with caution. The basic side of the pH profiles is proposed to be associated with
protonated His45, which we postulate is directly or indirectly (through a water) required to
form an isoCAIR intermediate. Analysis of the pH rate profile of CAIR with AaPurE has come
to a similar conclusion, that is the basic limb of the profile was proposed to be associated with
His59 (12). With the AaPurE studies, additional support for this assignment was made based
on the pH profile of an active PurE mutant, H59D PurE (12).

Efforts to Understand how Protonation Affects Decarboxylation using DFT calculations on
N1-methyl-aminoimidazole Derivatives

To provide insight into the role protonation of CAIR and N°-CAIR could play in
decarboxylation, DFT calculations have been carried out in which the ribose-5’- phosphate in
each molecule has been replaced by a methyl group. Reports of a possible isoCAIR
intermediate in the H59N AaPurE structure (12) suggested that C4 protonation can be catalyzed
by the enzyme. Initially, tautomeric forms of the N1-methyl derivatives were examined. In the
case of Me-CAIR (1), the tautomer (t-1) is only 3.1 kcal/mol higher in energy than the aromatic
starting state. Tautomerization of Me-AlIR (2) has a similar energetic barrier (Figure 4). In
contrast, the tautomer of Me-N°-CAIR (3), t-3, is unfavorable by 10.0 kcal/mol. Given that
t-1 is the surrogate of iSoOCAIR, the small energy difference between the tautomers of CAIR
suggest that protonation at C4 is energetically reasonable prior to loss of CO,. NMR studies
on AlIR riboside (AIRs) support the ease of tautomerization. Solvent exchange of the C4 proton
of AIRs for deuterium occurs with a Kexchange 0f 0.9 min-1, presumably through the imino
tautomer (40). Although efforts to detect this tautomer using 13C NMR (expected chemical
shift of 110 (for aromatic carbon) vs 40-50 ppm (for tetrahedral carbon)) were unsuccessful
(40), observation of moderately rapid exchange supports the ease of protonation at C4 of
aminoimidazoles.

Our mutagenesis studies on His45 and pH rate profile of the wt PurE suggest the importance
of a protonated histidine in the decarboxylation of CAIR. The effect of proton transfer to either
N3, C4, or N5 on loss of CO, was studied using ground state optimized structures for 1, t-1,
3, and t-3 and by re-optimization of the structures after proton addition to these positions. For
the CAIR analog 1, protonation at either N3 or N5 does not change the length of the C4-C
(carboxy) bond (1.52 A) (Figure 5A). However, in the latter case a new hydrogen bond is
introduced between the carboxylate and the protonated amine. Loss of CO, occurred only after
protonation of C4. For the isoCAIR analog t-1, loss of CO, only occurred after protonation at
N5. N3 protonation resulted in only a slight lengthening of the C4-C (carboxy bond) from 1.61
to 1.66 A (Supplemental Materials, Figure 4), demonstrating that imidazole N3 protonation
does not contribute significantly to catalysis and thus is a strategy unlikely to be used by PurE .

For the N®-CAIR analog, 3, protonation at either C4 or N5 leads to bond cleavage and loss of
CO». Protonation of N3 leads only to a slight lengthening of the N5-C (carbamate) bond from
1.49 to 1.57 A (Figure 5A) . Similar results were obtained by protonation of either N3 or N5
in species t-3 (Supplemental Materials, Figure 4).

While these computational studies have been carried out on a much simpler system than the
PurE- nucleotide complex, they provide a starting point for mechanistic thinking. These
calculations suggest that protonation at either N5 of 3 or C4 of 1 leads to loss of CO,. Extending
this observation to PurE indicates that the enzyme may be able to catalyze decarboxylation of
either CAIR or N>-CAIR by use of general acid catalysis. In the former case, protonation at
C4 of CAIR leads to an isoCAIR™ intermediate or transition state that could decompose directly
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to AIR and CO,. In the latter case, protonation of the N5 of N°-CAIR, perhaps concomitant
with loss of CO,, would lead to AIR. Additional computational studies are needed on these
nucleotides in the presence of the complete, solvated Purk active site.

Crystallization and Structure Determination

In order obtain insight into the location of the C4 position of CAIR relative to His45 and the
location of the carboxylate relative to the hydrophobic pocket (Alad4/Ala70/Leu76), wt
EcPurE was crystallized with a stable CAIR analog, NO,-AIR. In addition, H45Q mutant
crystals were soaked with CAIR or NO,-AIR, and the H45N mutant crystals were soaked with
CAIR. These experiments resulted in structures of four different complexes with resolutions
ranging between 1.8-2.3 A (Table 1). All of the structures were determined by molecular
replacement using the previously published EcPurE structure (LQCZ) as the search model. Of
the 169 residues contained in an EcPurE monomer, all of the structures are missing the first
seven residues due to lack of clear electron density. The rest of the residues are present and
located in the most favored and additionally allowed regions of the Ramachandran plot. The
quality of the final models was verified using PROCHECK. The final results including the R
factor values are summarized in Table 2.

NO»-AIR Binding

NO,-AIR was co-crystallized with PurkE and found to occupy all eight active sites of the
octamer. These results contrast with our previous co-crystallization results with CAIR and wt
EcPurE and the recent soaking experiments of AaPurE crystals with CAIR (12). The electron
density for NO,-AIR is shown in Figure 6A. It binds close to the surface of PurE, and a large
portion of the nucleotide remains solvent accessible (Supplemental Materials, Figure 5). The
ribose-5’- phosphate moiety of the nucleotide has extensive interactions with PurE which are
similar to those previously reported with the partially disordered EcPurE-AlIRX co-crystal
structure. The phosphate hydrogen bonds with Ser16 and Ser18 of the P loop, Arg46 of the
40s loop, and several water molecules. The 2* and 3’ ribose hydroxyl groups are hydrogen
bonded to the carboxylate of Asp19 and the backbone amide hydrogen of Gly71.

The N3 of the NO»-imidazole of the nucleotide is hydrogen bonded to Ser43, indicating that
it is not protonated. This is expected given its pKa of 0.3 (41). The NO, group hydrogen bonds
to the amides of Ala44 (2.7 A), His45 (3.3 A), His75 (3.1 A), and Leu76 (3.3 A) with reasonable
geometry. Aninteraction is also observed between the exocyclic amine and the backbone amide
carbonyl of Gly71 (3.1 A). Ser43 and Ala44 are strictly conserved among all class | and class
I1 PurE’s, while Gly71 and His75 are present in only class | enzymes. The hydrophobic pocket,
largely consisting of conserved residues Ala 44, Ala70, and Leu76, is unoccupied.

His45 is located parallel to the nitro-aminoimidazole ring, and appears to be stacked above C4
and the NO, group. Unfortunately the lack of observable hydrogen bonds to His45 indicates
that its protonation state cannot be determined from this structure. Nevertheless, the close
proximity of the N atom of His 45 to the C4 position of NAIR (3.6 A) supports a model in
which Hisd45 could function as the general acid catalyst for CAIR decarboxylation. A minimal
rotation of the imidazole ring around its 11 torsion angle in its protonated state is required to
effectively deliver the proton to C4.

Comparison of the apo-wt PurE structure with the NO»-AIR wt-PurE structure reveals that
NO,-AlIR binding causes no conformational changes in the enzyme (Supplemental Materials,
Figure 6). An overlay of both backbone and side chain atoms in the structures reveals an RMSD
0of 0.21 A (as determined by Swiss PDB-Viewer). Most of the protein motions that are observed
are limited to the P-loop and Arg46, which interact directly with the phosphate group of
NO,-AIR. A slight rotation (~19°) of the His45 imidazole (or possibly imidazolium) ring
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towards a more parallel orientation with NO,-AIR is also observed. A structure obtained of
H45Q PurE soaked with NO»-AlIR is similar to that obtained for the wt enzyme (Supplemental
Materials, Figure 7).

CAIR Binding

Previous attempts to co-crystallize CAIR with wt PurE resulted in partial occupancy of the
active sites and ambiguous electron density that could be interpreted as either AIR, CAIR,
N®-CAIR, or a mixture of species (hence AIRX) (3). Similarly, efforts to crystallize the
acidophilic AaPurE with CAIR resulted in structures that contained either AIR or electron-
density interpreted as isoCAIR (Figure 1) (12). H59Q(N)-AaPurE mutants are inactive, but
efforts to co-crystallize and observe CAIR with each of these mutants were unsuccessful
(12). Success has finally been achieved when H45N and H45Q EcPurE crystals at pH 8.0 were
soaked with CAIR (10 mM) at the same pH. At this pH, the rate of CAIR decomposition is
minimal.

The structures of H45N and H45Q PurEs are nearly identical and revealed intact CAIR bound
for the first time (Figure 6B and Supplemental Figure 8). As in the case of NO»-AIR, Ser43 is
H bonded to the N3 of CAIR indicating it is not protonated and the backbone carbonyl of Gly71
interacts with its exocyclic amine. Hydrogen bonding interactions are also observed between
the carboxylate of CAIR and the backbone amide of Alad4 (2.7 A), GIn/Asn45 (3.0 A), His75
(2.6 A), and Leu76 (3.0 A). The two NO,-AIR complexes and the two CAIR complexes
superimpose within experimental error with only small structural differences. The hydrogen
bonding pattern is the same in all four complexes with each oxygen atom of the nitro/
carboxylate group forming two hydrogen bonds with amide groups. Thus, despite the charge
difference between the zwitterionic NO,-group of NO»-AIR and the anionic carboxylate of
CAIR, interactions between the C4 substituent of the nucleotide and the protein appear to be
similar.

In both cases, the Asn or GIn side chain at position 45 is located above the C4 position of CAIR.
In the H45Q structure, GIn45 appears in a similar conformation as His45 in the NO,-AIR
structure described above. No hydrogen bonding interactions are observed between GIn45 and
either the protein or substrate. The tilt in the amide side chain relative to the amino imidazole
ring is more pronounced in the H45N structure, in which the angle between Cy, N& of Asn45
and C4 of CAIR is ~124°. As with the NO,-AIR structure, very few protein motions are
observed upon nucleotide binding in either structure and these are mostly limited to P-loop
residues. The rmsd values for all atoms in the H45N-CAIR and H45Q-CAIR structures
compared to the wt apo enzyme are 0.23 A and 0.28 A, respectively.

Comparison of the NO,-AIR/CAIR Complexes to Apo and Nucleotide bound PurEs: Evidence
for a Common Carboxylate (CO5) Binding Site and Aminoimidazole Movement

EcPurE-AIRx—In our published structure of wt EcPurE cocrystallized with CAIR, the
carboxylate density at C4 was missing and unexplained electron density was observed near N5
(3). An AlR-like species (AIRx), most likely N5-CAIR, was observed. In addition, only four
of the eight possible binding sites of the PurkE octamer were occupied. At the time, we attributed
this observation to PurE mediated conversion of CAIR to N>-CAIR. However, due to
experimental uncertainty, only AIR was included in the final model. To gain insight into the
mechanism of PurE, we have re-examined the ECPuUrE-AIRX structure.

We recalculated the electron density for EcCPurE-AlIRXx using four-fold symmetry averaging to
improve the signal. We then modeled N®-CAIR into the active site using the electron density
and the geometric constraints based on the AIR molecule from the original EcPurE structure
(1D7A). A PurE-N®-CAIR structure was generated (Figure 7A). Several interesting
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observations can be made from a comparison of this model with the CAIR(NO»-AIR)-PurE
structures. First, the carboxylate of N>-CAIR superimposes well with the carboxylate (nitro)
substituents of CAIR (NO,-AIR). Second, the remaining atoms of aminoimidazole of N>-CAIR
are significantly shifted relative to the other nucleotide bound PurEs (Figure 7B and
Supplemental Materials, Figure 9A). Both of these observations have important mechanistic
implications.

The repositioning of the aminoimidazole of AIRx relative to CAIR takes place through a change
in the sugar pucker, a rotation of the glycosidic torsion angle, and a shift in the ribose position.
AIRX has a symmetric O4’-endo-C1’-exo twist sugar pucker favoring C1’-exo, a maximum
torsion angle (vmax) of 37° and an average glycosidic torsion angle (C2-N1-C1’-04’) of 1°.
CAIR and NO,-AIR also have a 04’-endo-C1’-exo sugar pucker and a more pronounced
vmax Of 55° (averaged over the four CAIR/NO,-AIR complex structures). The glycosidic
torsion angle for the CAIR/NO»-AIR molecules ranges between 51°-68°. In the CAIR/NO,-
AIR complexes the ribose makes a more conventional pair of H-bonds with Asp19, 051-02’
and 0582-03’, whereas in the AIRx complex, the O2’ hydroxyl group donates a bifurcated
hydrogen bond to the carboxylate oxygen atoms of Asp19 (2.9 A to 051 and 2.7 A to 052)
and the O3’-hydroxyl group donates an additional hydrogen bond (2.9 A) to the 052 of the
carboxylate group.

AaPurE-AIR—A comparison of the EcPurE-CAIR (NO,-AIR) structures with the published
AaPurE-AIR complexes (12) has also been made. A superposition of these structures reveals
that the aminoimidazole ring and the ribose puckering mode of AIR is similar to that of CAIR
(NO»-AIR) (12) (Supplemental Materials, Figure 10). The average vimax of 48° and the average
glycosidic torsion angle of 64° are similar to those of CAIR/NO»-AIR.

AaPurE-isoCAIR—A comparison between the ECPUre-CAIR (NO,-AIR) complexes and
the AaPurE-isoCAIR structure (12) also reveals that the aminoimidazole moiety and the sugar
pucker conformations are nearly identical with a comparable vy, 0f 51° for the isoCAIR
(Supplemental Materials, Figure 9B). The hydroxyl groups of the ribose moiety in the AaPurE-
AIR and the AaPurE-isoCAIR structures make a pair of hydrogen bonds with Asp33 (19 in
EcPurE).

The C4-carboxylate groups of CAIR and isoCAIR and the NO, group of NO»-AIR are found
in approximately the same position in all of the structures and in all cases make hydrogen bonds
only with the backbone amides (Figure 7B and Supplemental Materials, Figures 9 and 10).
The carboxylate binding site thus appears to be conserved. Finally, these different Purk
structures show virtually no differences in the conformations of the active site residues. The
major difference in the structures is the position of the base of N°>-CAIR relative to that of
CAIR, NO,-AIR, AIR, and isoCAIR.

ApoPurEs—Further evidence in support of a common carboxylate binding site has been
obtained by examining apo-PurE structures from four different organisms (3,42-44). Twenty-
five monomers with no ligands bound were selected and examined for conserved waters
(Supplemental Materials, Table 5). The two most highly conserved water molecules occupy
positions corresponding to the carboxylate oxygen atoms of isoCAIR in the AaPurE-isoCAIR
complex. However, based on EcCPUurE-NO,-AIR and the mutant EcPurE-CAIR structures, there
is no obvious space for a water molecule once nucleotide is bound and this space is occupied
by the CO5 (NO>) group. These observations strongly suggest that these conserved water
molecules occupy the CO, binding site.

Reanalysis of AaPurE-isoCAIR—In the original report of isoCAIR complexed with
AaPurE, the observed electron density was not well fit by the isoCAIR model (12). Thus we
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reanalyzed this the X-ray structure to determine if it might be a mixture of species: iSoCAIR,
AIR, and CO, intermediates proposed in the reaction mechanism (Figure 1). During our re-
analysis at higher contour levels (3c) in difference Fourier maps, the connection between the
C4 of the aminoimidazole and the carboxylate disappears and the carboxylate density appears
to be linear (Figure 7C). Based on this re-analysis we believe that the electron density is
indicative of one molecule of AIR and one molecule of CO,, although a small amount of
iSOCAIR may be present in equilibrium with these molecules. Refinement of this model
generated a structure with reasonable geometry and good refinement statistics. As seen with
the iSoCAIR model (12), a slightly irregular shape for the imidazole density is still present
when modeled with AIR/CO». As revealed in Figure 7B, the linear CO, superimposes on the
carboxylate binding site and the aminoimidazole moiety superimposes on this moiety observed
in all of the other nucleotide bound PurE structures with the exception of EcCPurE-AlIRX.

DISCUSSION

The mutase reaction catalyzed by the class | PurE is deceptively simple, but unprecedented
enzymatically (Figure 1). The instability of N>-CAIR suggests that this nucleotide functions
as a CO,, carrier similar to carboxy-biotin, and that the major function of PurE is to sequester
the CO, generated from N°-CAIR decarboxylation for CAIR formation. Bacteria and fungi
may have evolved this strategy to avoid the difficult task of directly binding CO, at the expense
of utilizing an equivalent of ATP and an amidoligase (PurK) to form a labile carbamate from
AIR and HCOg3". The instabilities of N°>-CAIR and CAIR have made this reaction difficult to
investigate mechanistically. The structures of PurEs have played an important role in our
working model (Figure 1).

Nineteen crystal structures are available including unliganded structures of Purkg’s from E.
coli (3), A. aceti (42), Thermotoga maritima (43), and Bacillus anthracis (44) and nucleotide
bound structures (CAIR, NO,-AIR, AIR, AIRX, and isoCAIR) of EcPurE, AaPurE, and
mutants (3,12). These structures together suggest several features that might contribute to
catalysis including the location of a conserved histidine to act as a general acid/base,
conformational changes leading to repositioning of the nucleotide during catalysis, and a buried
carboxylate/CO, binding site formed primarily by amide groups and shielded from the solvent
by the nucleotide itself. This sequestered site suggests how the CO, from N°-CAIR is
transferred, without dissociation from the active site, to the C4 position in CAIR (6). The
structures also suggest that isoCAIR, AIR, and CO, can be accommodated as intermediates in
the PurE catalyzed reaction.

Our working model, based on the structures reported herein and reanalysis of previously
published data, is shown in Figure 1. Formation of the enzyme/N°-CAIR complex results
primarily from hydrogen bonding interactions between Asp19 and the ribose hydroxyl groups,
Arg46 and the 5’-phosphate, and the amide groups of Ala44, His75, and Leu76 and the
carboxylate group. The Leu76 amide group occurs at the N-terminus of an a-helix which
provides additional interaction with the carboxylate via the helix dipole. His45 is then
positioned to protonate N5, leading to the formation of AIR and CO,. The conversion to CAIR
is facilitated by a shift in the nucleotide position, a change in the maximum torsion angle
(vmax), and rotation about the glycosidic bond. During this shift, the hydrogen bonds to Asp19
and Arg46 are retained; however, the imidazole is repositioned so that its C4 atom is nearest
the CO, carbon atom. The CO, molecule may also rotate in the amide backbone pocket towards
the His75 and His45 amides, facilitating C-C bond formation with AIR. The resulting
tetrahedral intermediate (isoCAIR) is now positioned so that His45 can serve as the general
base to form CAIR. In the product complex, hydrogen bonds to Asp19 and Arg46 are retained
and the carboxylate group of CAIR now hydrogen bonds to the amide groups of Ala44, His45,
His75, and Leu76.
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The role of His45 in EcPUrE as a general acid/base catalyst is supported by the site-directed
mutagenesis studies, the pH rate profile analysis, and the DFT calculations. Similar studies
carried out on AaPurE have come to similar conclusions (12).

The structures and biochemical studies suggest that the movement of the aminoimidazole ring
is key to catalysis (Figure 7B) and may be linked to the carboxylate moiety. The importance
of the carboxylate is underscored by our fluorescence titration data with EcPurk and CAIR,
NO,-AIR, AIR, and ribose-5’-phosphate. Only CAIR and NO,-AIR binding cause
fluorescence changes, the carboxylate (nitro group) presumably triggering conformational
change(s). To assess the nature of this (these) conformational change(s) during catalysis the
active site residues of all available PurE structures were compared (Supplemental Materials,
Table 5). As noted above, they show minimal differences (Supplemental Materials, Figure 6)
with the exception of His45 and Arg46. Arg46, which hydrogen bonds to the 5’-phosphate of
the nucleotide, moves away from the active site when nucleotide is absent and towards the
active site when nucleotide is bound. Arg46 is adjacent to the essential His45 that shows
predominantly a single conformation. However, in two structures a rotation of the x; torsion
angle of His45 is detected. The 1 angle of His45 in the wtEcPurE-NO»-AIR complex is -62°,
while it is -45° in one monomer of H89F AaPurE (2FWB) and +22° in the empty monomer of
wt AaPurE-AIR (2FWJ). These rotations are in a direction that brings the His45 sidechain
significantly closer to the imidazole of the nucleotide, where it could protonate either N5 or
C4 of N®>-CAIR or CAIR, respectively.

Finally, the structures have also provided insight into the proposed intermediacy of AIR/
CO3 and isoCAIR. When H59N-AcPurE crystals were soaked with CAIR at pH 5.4, density
associated with isoCAIR was reported (12). Under these conditions CAIR is protonated at N3
(pKa of 6.3), and it is possible that this form of the substrate binds to the enzyme. Thus despite
the fact that the native proton source, His59, has been removed in the H59N mutant, a proton
could be introduced into the active site via N3, which could then be used to protonate C4 to
generate isoCAIR. Our DFT calculations suggest that despite the non-aromatic structure of
iSOCAIR, a single hydrogen bond (3 kcal/mol) might be sufficient to stabilize the structure.
The rapid, non-enzymatic exchange of a proton from C4 in AIR also suggests that this
intermediate is moderately stable (40).

Our re-analysis of the H59N-AcPurE-isoCAIR structure (Figure 7C) suggests that the observed
electron density might be associated predominantly with AIR/CO5 in equilibrium with a
smaller amount of iSoOCAIR. Recently a structure of a mutant POX was solved with 2-lactyl
thiamin diphosphate (LThDP) in its active site (15). This enzyme utilizes ThDP to catalyze
decarboxylation of pyruvate, a reaction very similar to the decarboxylation of CAIR. In the
structure, clear electron density was observed between lactyl group appended to thiamin and
the carboxylate leaving group. The environment of the carboxylate is very similar to that
observed in PurE. The carboxylate group is located in a hydrophobic pocket and forms
hydrogen bonds with a glutamate and the amide of a glycine. Using a difference Fourier map
(Fo-F¢), negative electron density was observed near the carboxylate group, which was
interpreted to indicate that a fraction of the carboxylate had undergone C-C bond cleavage and
generated linear CO,. Given the similarities in chemistry and the mechanism of catalysis
between this system and PurE, the postulated crystallographic model for a mixture of AaPurE-
AIR/CO, and isoCAIR is reasonable. It should be noted, however, that while the CO5 in Purk
is protected from solvent by the nucleotide, in POX, the CO5 is solvent accessible allowing it
to escape and making the reaction irreversible.

The data obtained thus far can be accommodated within the mechanism proposed in Figure 1.
Given the difficulties of carrying out more conventional mechanistic studies on the PurE
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reaction, further mechanistic insight will likely be obtained only by creative crystallography
and computational methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

Purg
N®-carboxyaminoimidazole ribonucleotide mutase or carboxyaminoimidazole
ribonucleotide synthase

AaPurk
Acetobacter aceti Purg

EcPurE
Escherichia coli Pur

PurK

N®-carboxyaminoimidazole ribonucleotide synthetase
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EcPurC

POX

PK

AIR

NS-CAIR

CAIR

NO,-AIR

SAICAR

ATP

PEP

ThDP

LThDP

Tris

KP;

MES

ACES

DFT

asu

RMSD
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Escherichia coli succinoaminoimidazole carboxamide ribonucleotide synthetase
pyruvate oxidase

pyruvate kinase

aminoimidazole ribonucleotide
N®-carboxyaminoimidazole ribonucleotide
4-carboxyaminoimidazole ribonucleotide
4-nitroaminoimidazole ribonucleotide
succinoaminoimidazole carboxamide ribonucleotide
adenosine 5’-triphosphate

phosphoenol pyruvate

thiamin diphosphate

2-lactyl-ThDP

tris(hydroxymethyl)aminomethane

potassium phosphate

4-morpholineethanesulfonic acid
N-(2-acetamido)-2-aminoethanesulfonic acid

unit of enzyme activity in umol product/min

density functional theory

asymmetric unit

root mean square deviation
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wt
wild type

EcPurk-AIRx
EcPurE crystal structure co-crystallized with CAIR showing partially disordered
nucleotide
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Figure 1.

A possible mechanism for PurE-catalyzed conversion of N>-CAIR to CAIR. Note the proposed
intermediates AIR/CO5, and isoCAIR. The role of the protein is based on examination of 19
structures of PurEs from different sources and with different nucleotides bound. The
aminoimidazole numbering scheme is shown on N°>-CAIR. R = ribose-5’-phosphate.
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Figure 2.
Fluorescence titrations of PurE with NO,-AIR and CAIR (A) Observed changes in

fluorescence at 335 nm for H45N (e) and for H45Q (o) PurE upon titration with CAIR (Kq4 =
20.9+1.9uM, R2=0.99 and Ky =16.3+ 2.6 uM, R2=0.98 for H45N and H45Q, respectively).
(B) Observed changes in fluorescence at 335 nm upon titration of wt PurE with NO»-AIR
(Kq =86 + 31 nM, R% = 0.96).
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Figure 3.

pH-rate profiles for wt EcCPurE monitoring the decarboxylation of CAIR. The solid line
represents the best fit to Equation 2. The error bars for each point are shown. The Kgq; vs. pH
profile () was fit to pK; = 5.9 + 0.4 and pK» = 8.6 + 0.4 (R? = 0.94). The K¢at/Km vs. pH
profile (W) was fit to pK; = 6.7 £ 1.6 and pK, = 7.5 + 1.5 (R? = 0.95).
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Figure 4.

Structures of the AIR, N®-CAIR, and CAIR derivatives used in the computational studies. The
calculated relative energies of the derivatives and the non-aromatic tautomers are shown.
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Computational studies on the effects of protonation of compounds 1 (A) and 3 (B) on loss of
CO5, and bond lengths. Protonation of 1 at C4 or 3 at N5 results in bond cleavage and CO,

dissociation.
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Figure 6.
(A) Stereoview of the wt EcPurE active site bound to NO,-AIR with F,-F density (2c) shown.
(B) Stereoview of H45Q EcPurE active site bound to CAIR with Fy-F. density (2c6) shown.
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Figure 7.

(A) Modeling of N>-CAIR into the EcPurE-AIRX structure (1D7A) (3) after use of four-fold
symmetry averaging to improve the signal. The initial Fy-F¢ density (3.5c) is shown. (B)
Superposition of wt Pur with NO,-AIR (blue), AIR/CO, from the re-interpreted AaPurE-
isoCAIR structure described in panel C (red), and N°-CAIR modeled from the PurE-AIRx
structure described in panel A (grey). The positions of the carboxylate groups stay the same in
all structures and are located in an amide backbone pocket. (C) Re-interpretation of the AaPurE-
iSOCAIR complex structure (2FWP) (12). Initial Fy-F¢ density (3c) after exclusion of isoCAIR
is shown with the final refined model of AIR and CO, in place of iSoCAIR.
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Table 1

Summary of data collection and processing statistics.

Page 28

EcPurE- EcPurE- EcPurE- EcPurE-
NO,-AIR H45N-CAIR H45Q-CAIR H45Q-
NO,-AIR
PDB ID 2ATE 2NSL 2NSJ 2NSH
resolution (A) 30-1.8 50-2.0 50-2.3 50-1.8
wavelength (A) 0.981 1.542 0.979 0.979
space group 1422 1422 1422 1422
# of reflections 34010 81423 53069 96435
# of unique refl 13604 10623 8526 14561
Redundancy 25 7.7(7.5) 6.2(6.3) 6.6(5.4)
completeness(%) 89.9(69.1) 98.7(96.4) 95.3(99.7) 99.2(100)
Rgym (%) 7.2(24.9) 10(55.5) 13(26.6) 9.0(44.9)
I/o 16.0 21.8(4.5) 12.5(4.5) 17.9(3.7)

Values for the highest resolution shell are given in parentheses.

Rsym=XZij|lj - <I> | /Z<I>, where <I> is the mean intensity of the N reflections with intensities Ij and common indices h,k,|.
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Table 2
Refinement Statistics.
EcPurE- EcPurE- EcPurE- EcPurE-
NO,-AIR H45N-CAIR H45Q-CAIR H45Q-
NO,-AIR

resolution (A) 1.8 2.0 2.3 1.8
total # of nonhydrogen atoms 1373 1341 1281 1347
# of protein atoms 1197 1197 1197 1202
# of ligand atoms 22 22 22 22
# of water atoms 154 122 62 123
# of reflections in refinement 12357 10410 6763 12061
# of reflections in test set 667 1082 697 1347
R factor g%)a 15.2 18.9 19.8 18.8
Reree (%) 20.2 233 245 221
RMS deviation from ideal geometry bonds 0.001 0.007 0.016 0.015
angles (°) 1.8 1.4 15 15
Average B-factor (A?%) 14.9 317 39.6 38.3
Ramachandran plot most favored region 92.2 92.0 89.9 92.1
(%)
additional allowed region (%) 7.8 8.0 10.1 79

aR factor = Zhkl | | Fobsl - k| Fcal | | /Zhkl | Fobs | » where Fops and Fcg| are observed and calculated structure factors, respectively.

b . . )
Rfree the sum is extended over a subset of reflections that were excluded from all stages of refinement.
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