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Thecentral reactions of de novo purine biosynthesis represent
an unusual example of metabolic diversification, most ob-

viously in the eukaryotes. Animals convert 5-aminoimidazole
ribonucleotide (AIR), the first pathway heterocycle, to 4-car-
boxy-AIR (CAIR) by a route different from that used by yeasts or
plants.1 Bacteria, yeasts, and plants contain two enzymes. PurK
(N5-CAIR synthetase, EC 6.3.4.18) converts AIR, bicarbonate,
and ATP to N5-carboxy-AIR (N5-CAIR), ADP, and inorganic
phosphate (Pi). Next a class I PurE (N5-CAIR mutase, EC
5.4.99.18) reversibly converts the chemically labile N5-CAIR to
CAIR (Figure 1).2 Yeast and plant ADE2s are PurK�class I PurE
fusion proteins.3,4 A separate enzyme, PurC (EC 6.3.2.6), con-
verts CAIR, ATP, and L-Asp to 4-(N-succinylcarboxamide)-AIR,
ADP, and Pi.

5,6

N5-CAIR has no known role in de novo purine biosynthesis in
animals, all of which lack recognizable purK genes. Instead, animals
contain a class II PurE (AIR carboxylase, EC 4.1.1.21) that converts
AIR andCO2 toCAIR and a proton.5 Animal class II PurEs are found
in PurC�PurE fusion proteins, known as PAICS.7 Eukaryotic purine
biosynthesis pathways may have diverged because environmental
conditions favor one PurE class over the other.8

Despite their differing substrate preferences, class I and II
PurEs are thought to use similar reaction chemistries.8 A ternary

PurE 3AIR 3CO2 complex is a proposed intermediate in the class
I reaction, and it is theMichaelis complex for the class II reaction.
PurE classes are distinguished by differentially conserved se-
quences in the 40s and 70s loops (Figure 2).9 Biochemical data

Figure 1. Different routes from AIR to CAIR. Note that the C1 donor
differs in each route. R is ribose 50-phosphate.
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ABSTRACT: De novo purine biosynthesis proceeds by two
divergent paths. In bacteria, yeasts, and plants, 5-aminoimida-
zole ribonucleotide (AIR) is converted to 4-carboxy-AIR
(CAIR) by two enzymes: N5-carboxy-AIR (N5-CAIR) synthe-
tase (PurK) andN5-CAIRmutase (class I PurE). In animals, the
conversion of AIR to CAIR requires a single enzyme, AIR
carboxylase (class II PurE). The CAIR carboxylate derives from
bicarbonate or CO2, respectively. Class I PurE is a promising
antimicrobial target. Class I and class II PurEs are mechan-
istically related but bind different substrates. The spirochete
dental pathogen Treponema denticola lacks a purK gene and contains a class II purE gene, the hallmarks of CO2-dependent CAIR
synthesis. We demonstrate that T. denticola PurE (TdPurE) is AIR carboxylase, the first example of a prokaryotic class II PurE.
Steady-state and pre-steady-state experiments show thatTdPurE binds AIR andCO2 but notN

5-CAIR. Crystal structures ofTdPurE
alone and in complex with AIR show a conformational change in the key active site His40 residue that is not observed for class I
PurEs. A contact between the AIR phosphate and a differentially conserved residue (TdPurE Lys41) enforces different AIR
conformations in each PurE class. As a consequence, the TdPurE 3AIR complex contains a portal that appears to allow the CO2

substrate to enter the active site. In the human pathogen T. denticola, purine biosynthesis should depend on available CO2 levels.
Because spirochetes lack carbonic anhydrase, the corresponding reduction in bicarbonate demandmay confer a selective advantage.
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and crystal structures, including several with bound nucleotides,
are available for several class I PurEs.9�12 Less biochemical data
are available for class II PurEs.1,7 A structure of human PAICS
crystallized in the absence of organic ligands has been deter-
mined at modest resolution.13

Treponema denticola is a cultivable, anaerobic spirochete that
resides in dental plaque biofilms and contributes to persistent
human periodontal disease.14�16 Most spirochetes are fastidious
and lack de novo purine biosynthesis genes.17�19 However, the
T. denticola genome20 contains a full set of 10 de novo purine
pathway genes (Table S1 of the Supporting Information),
including a class II PurE (TdPurE). This is most unusual in
prokaryotes; the first microbial class II PurE was identified in the
euryarchaeote Archaeoglobus fulgidus.8 Neither organism con-
tains a recognizable purK gene, which accompanies class I purE
genes.a Prokaryotic PurE forms are monofunctional, unlike
fungal and plant ADE2 (class I PurE domain) or animal PAICS
(class II PurE domain).

Here we show thatTdPurE is a bona fide class II PurE. The pH
dependence of CAIR decarboxylation is different in each PurE
class, consistent with different proton transfer mechanisms.
Crystal structures show few class-specific differences in polar
contacts with bound AIR. However, the AIR conformation is
different in each class and appears to determine if CO2 can be
sequestered from solvent. A physiological implication is that
purine biosynthesis in T. denticola should depend strictly on CO2

levels.

’EXPERIMENTAL PROCEDURES

Materials and Methods. Restriction enzymes, Vent DNA
polymerase, DNA-modifying enzymes, and DNA size standards
were obtained from NEB. Cloned Pfu DNA polymerase was
from Stratagene. All other reagents were from Sigma-Aldrich or
Fisher Scientific. Oligodeoxynucleotides (Table S2 of the Sup-
porting Information) were obtained from IDT and used without
further purification. Spectra and kinetic progress curves were
recorded on a Beckman DU640 spectrophotometer equipped
with a thermostated cell holder. Protein concentrations were
measured using a Bio-Rad Bradford assay with crystalline bovine
serum albumin as the standard.21 Total [CO2 þ HCO3

�],
[CO2]T, was measured using an L3K CO2 quantitation kit
(Genzyme Diagnostics). Analytical gel filtration was performed
using a calibrated column at 5 �C using 20 mM Tris-HCl (pH
8.0) and 100 mMNaCl as described previously.11 Escherichia coli
PurK (EcPurK; 43 units mg�1 at 37 �C and 28 units mg�1 at
30 �C, each at pH 8.0) was isolated from autoinduced pNC2/
BL21(DE3) cells as described previously.6,8 E. coli PurC with an
N-terminal hexa-His tag (EcPurC; 16 units mg�1 at 37 �C) was

expressed and purified from a pET22b-derived vector as de-
scribed previously.22 CAIR was synthesized by Hong Jiang from
5-aminoimidazole-4-carboxamide ribonucleotide as described
previously.1,23

AIR was prepared by enzyme-mediated CAIR decarboxyla-
tion. A final volume of 50 μL containing 50 mM Tris-HCl (pH
8.0), ∼5 μmol of CAIR, and 24 μg of TdPurE was incubated at
30 �C for 30 min. TdPurE was removed by centrifugal ultra-
filtration (30 min at 14000g) using a Microcon Ultracel YM-10
device (Millipore).
Sequence Alignments and Phylogenetic Analysis. PurE

and PurE domain sequences were selected from a phylogeneti-
cally diverse set of organisms listed in the Supporting Informa-
tion. ClustalW24 implemented within MEGA425 was used to
align protein sequences with pairwise and multiple-alignment
penalties of 35 and 15 for gap opening and 0.75 and 0.3 for gap
extension, respectively. CodonAlign 2.0 was used to create DNA
sequence alignments templated by these protein alignments
(codon-aligned DNA), which improves gap placements and
thereby tree quality.26 Phylogenetic analyses were performed
with complete gap deletion, considering only the first and second
positions of each codon to correct for interspecific differences in
base composition. Start codons for all full-length DNA sequences
were set to ATG.
MEGA4 was used to perform neighbor-joining (NJ) phyloge-

netic analyses using a bootstrap test with 1000 replicate trees to
test the inferred phylogeny.27,28 NJ protein analyses were per-
formed with Poisson correction to compute evolutionary dis-
tances in units of amino acid changes per site.29 Maximum-
likelihood (ML) phylogenetic analyses30 of codon-alignedDNAs
were performed with PhyloWin 2.031 using 1000 bootstrap
replicates.
Gene Construction. A synthetic gene encoding T. denticola

ATCC 35405 PurE (GenBank accession number AAS11180)
was used to create plasmid pJK376 (Appendix 1 of the Support-
ing Information). QuikChange mutagenesis of plasmid pJK376
using oligodeoxynucleotides 1316 and 1317 furnished plasmid
pJK392, encoding H40N-TdPurE.
Protein Expression and Purification. A starter culture of

E. coli BL21(DE3) cells transformed with pJK376 (or pJK392 for
H40N-TdPurE) was grown overnight at 37 �C in noninducing
MDG medium34 containing 50 mg L�1 ampicillin. The starter
culture was then used at a 1:100 dilution to inoculate 1 L pro-
duction cultures in autoinduction medium ZYM-505232 contain-
ing 50 mg L�1 ampicillin in 2.8 L Fernbach flasks. The cultures
were grown at 37 �C for 4.5 h and then overnight at 16 �C. Cells
were harvested by centrifugation and then used immediately or
stored at �80 �C. All subsequent steps were performed at 4 �C.
Cells (5�27 g) were resuspended in lysis buffer [>5 mL/g of

cell paste; 50 mM Tris-HCl (pH 8.0) and 100 mM potassium
chloride] and lysed by sonication (3 � 30 s, with 1 min cooling
intervals). The lysate was cleared by centrifugation (30000g for
30 min), and the supernatant was adjusted to 1% streptomycin
from a 10% (w/v) stock. Solids were removed by centrifugation
(30000g for 15min). Ammonium sulfate (390 g/L) was added to
the supernatant over a period of 30 min to reach 60% saturation.
After the mixture had been stirred for a further 30 min, solids
were then removed by centrifugation (30000g for 15 min). The
supernatant was then applied to a column of Phenyl Sepharose 6
Fast Flow resin (2.5 cm� 7.5 cm, GEHealthcare) equilibrated in
buffer A [20 mM Tris (pH 8.0) and 1.5 M ammonium sulfate].
The column was washed with buffer A and then developed with a

Figure 2. Alignment of the PurE 40s and 70s loops. TdPurE numbering
is used. Universally conserved residues have black backgrounds. Highly
conserved, class-specific (“differentially conserved”) residues are boxed.
Human and chicken PAICS PurE domains (HumanE and ChickE) have
identical sequences in these loops. Organism codes: Td, Treponema
denticola; Af, Archaeoglobus fulgidus; Aa, Acetobacter aceti; Ec, Escherichia
coli.
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linear gradient (300 mL � 300 mL) of buffer A to buffer B
[20 mM Tris (pH 8.0)]. Fractions containing TdPurE were
pooled, dialyzed against buffer B, and loaded onto a column of
hydroxyapatite Bio-Gel HT (2.5 cm � 3 cm, Bio-Rad) that was
equilibrated in buffer C [10mMpotassium phosphate (pH 8.0)].
The column was washed with buffer C and then developed with a
linear gradient (100 mL � 100 mL) of buffer C to buffer D
[500 mM potassium phosphate (pH 8.0)]. Fractions containing
TdPurE were pooled and concentrated to >5 mg mL�1 using
Amicon Ultra (molecular weight cutoff of 30000) or Centricon
YM10 concentrators. Concentrated protein was applied to a
Superdex 200 column (1.6 mL � 60 mL, GE Healthcare)
equilibrated in lysis buffer. Fractions containing TdPurE were
pooled, concentrated, and exchanged into 5 mM Tris (pH 8.0)
and 20 mM KCl using Amicon Ultra concentrators. Purified
TdPurE was then stored in small aliquots at �80 �C.
Steady-State Kinetic Analysis. A unit is the amount of

enzyme that forms 1 μmol of product per minute under the
specified conditions. Kinetic constants were obtained by non-
linear least-squares fitting to the Michaelis�Menten equation
with Kaleidagraph 3.6 (Synergy Software) or SigmaPlot 10.0
(Systat Software).
End Point Assay for AIR Quantitation. A final volume of

0.5 mL containing 50 mM Tris-HCl (pH 8.0), 5 mM MgCl2,
2 mM phosphoenolpyruvate (PEP, sodium salt), 1 unit of
pyruvate kinase (rabbit muscle), 5 mM aspartic acid, 50 μM
ATP, 20 mM KHCO3, 0.1 unit of EcPurC, and variable amounts
of AIR (10�100 μM) was incubated at 37 �C. The reaction was
initiated by the addition of 1 unit of TdPurE, and the differential
absorbance at 282 nm due to formation of 4-(N-succinylcarboxa-
mide)-AIR (Δε282 = 8.48 mM�1 cm�1) was used to quantitate
AIR.7

CAIR Decarboxylation Assay. TdPurE was assayed in the
reverse biosynthetic direction (CAIR f AIR) by a published
method.6 A stoppered, masked, 1 cm path length cuvette con-
taining 50 mMTris-HCl (pH 8.0) and variable amounts of CAIR
(1.5�150 μM) in a final volume of 0.5 mL was incubated at
either 10 or 30 �C for >5 min. Reactions were initiated by the
addition of TdPurE (24�47 ng mL�1; 1.4�2.8 nM subunits).
The initial velocity of CAIR decomposition (<10% conversion of
CAIR;Δε260 = 8.93 mM�1 cm�1) was recorded at 260 nm, with
a correction for a small background slope. A version of this assay
with 47 μg mL�1 TdPurE was used to quantitate CAIR at 30 �C.
High-Bicarbonate AIR Carboxylation Assay. TdPurE was

assayed in the forward biosynthetic direction (AIR f CAIR)
by a published method.7 A final volume of 0.5 mL containing
50 mM Tris-HCl (pH 8.0), 200 mM KHCO3, and variable
amounts of AIR (10�130 μM) was incubated at 30 �C for >5
min. The reaction was initiated by the addition of 1 μg ofTdPurE
(subunit concentration of 120 nM), and the initial velocity of
CAIR formation was determined as described for the CAIR
decarboxylation assay.
pH Dependence of CAIR Decarboxylation. A three-compo-

nent buffer system (100mMTris-HCl, 50mMMES, and 50mM
acetic acid) was used within the pH range of 5.5�9.5 at a
constant ionic strength of 0.1 M.33 A final volume of 0.5 mL
containing variable amounts of CAIR (2�100 μM) was incu-
bated at 30 �C for 3 min prior to the addition of TdPurE to a
final concentration of 1.1 nM to initiate the reaction. Initial
velocities were computed using Δε260 values measured for
the CAIR f AIR conversion at each pH after correcting for
nonenzymatic decarboxylation.11 In only one instance was the

background rate >11% of the corrected decarboxylase velocity
(18% at pH 5.5 and the highest CAIR concentration used).
Nonlinear least-squares fits of the pH-dependent parameter

kcat/Km to eq 1 yielded the corresponding pH-independent
parameter ~kcat/~Km. The corresponding kcat data were fit using
eq 2, an expression for product formation via two enzyme�sub-
strate complexes. The derivation of eq 2 is given in Appendix 2 of
the Supporting Information.

log
kcat
Km

¼ log
~kcat=~Km

1þ ½Hþ�
Ka1

þ Ka2

½Hþ�

0
BBB@

1
CCCA ð1Þ

log kcat ¼ log

~k1½Hþ�
Ka1

þ ~k2

1þ ½Hþ�
Ka1

þ Ka2

½Hþ�

0
BBB@

1
CCCA ð2Þ

Forms of eqs 1 and 2 in which the independent variable and
fitted parameters were replaced with logarithmic values (e.g.,
10�pH in place of [Hþ]) were used to obtain uncertainties for
pKa parameters.
Steady-State Distribution of Products Formed from CAIR

by PurE in the Presence of EcPurK. The use of an N5-CAIR
regeneration system including EcPurK is described in Appendix 3
of the Supporting Information. A final volume of 0.85 mL in a
stoppered cuvette (minimal headspace) containing 50 mM Tris-
HCl (pH 8.0), 50 mM KHCO3, 0.5 mM MgCl2, 2 mM creatine
phosphate, 50 μM ATP, 44 μM CAIR, 1 unit of creatine kinase
(rabbit muscle; Boehringer Mannheim), and 0.28 unit of EcPurK
(0.3 μM) was incubated at 30 �C for 3 min. The ultraviolet
absorption spectrum was recorded, and then 0.07 unit of either
EcPurE orTdPurE was added. The final absorption spectrumwas
recorded after incubation for an additional 3 min. (Control
experiments lacking EcPurK required a 30 min incubation after
the addition of PurE.)
Pre-Steady-State Reactions of CO2 with AIR in the Pre-

sence of PurE. The ability of TdPurE to use CO2 as a substrate
was assessed by initiating AIR carboxylation with the addition of
CO2-enriched water.7 The initial velocity was recorded within
the first 30 s, i.e., before the CO2�HCO3

� equilibrium becomes
established. The CO2 solution was prepared by continuous
bubbling of CO2(g) into water at 10 �C, yielding 48 g L�1 CO2.

34

The qualitative dependence of the AIR f CAIR reaction
performed by each PurE on CO2 was assessed at 10 �C at high
enzyme concentrations. A final volume of 0.5 mL in a stoppered
cuvette containing 50 mM Tris-HCl (pH 8.0), 100 μMAIR, and
variable amounts of either TdPurE (0.059�0.23 unit, measured
using the CAIR decarboxylation assay at 10 �C; 2.4�9.4
μg mL�1) or EcPurE (0.14�0.56 unit, measured using the CAIR
decarboxylation assay at 10 �C; 30�120 μg mL�1) was incu-
bated at 10 �C for 5 min. CO2 was added from a saturated
solution to an initial concentration of 20 mM, and the progress
curve at 260 nm was recorded. The value of [CO2]T measured
using a kit in equilibrated reaction mixtures was taken to be the
initial [CO2].
The determination of kinetic constants was performed with

TdPurE. A final volume of 0.5 mL in a stoppered cuvette
containing 50 mM Tris-HCl (pH 8.0), a variable amount of
AIR (30�600 μM), and 0.12 unit of TdPurE (measured using
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the CAIR decarboxylation assay at 10 �C; 4.7 μg mL�1, 0.28 μM
subunits) was incubated at 10 �C for 5 min. The reaction was
initiated by adding variable amounts of a saturated CO2 solution
(0.5�30 mM initial CO2 concentration in the reaction mixture),
and the progress curve at 260 nm was recorded.
Progress curves were fit to eq 3

A260 ¼ A0 þ A1½1� expð�k1tÞ� þ A2t ð3Þ
where A0 is the absorbance reading prior to the addition of CO2,
A1 is the differential increase in absorbance due to CAIR
formation, and A2 approximates the initial portion of the slow,
complex approach to AIR�N5-CAIR�CAIR equilibrium, which
occurs as the CO2�HCO3

� equilibrium is established. The
derivative of eq 3 is eq 4

dA260

dt
¼ A1k1 expð�k1tÞ þ A2 ð4Þ

Initial velocities (i.e., at t f 0) were computed using eq 5

v ¼ A1k1
Δε260=V

ð5Þ

where Δε260/V = 17.9 μmol�1 for a 0.5 mL reaction in a 1 cm
path length cuvette.
Crystallization and Data Collection. TdPurE crystals were

grown at room temperature by the hanging drop vapor diffusion
method. Drops consisted of 1 μL of protein solution and 1 μL of
reservoir solution. Reservoirs contained 0.5 mL of 14�16%
(w/v) PEG 1000, 100 mM MgCl2, and 100 mM imidazole
(pH 8.0). Cube-shaped crystals grew over several days. For the
uncomplexed structure, a crystal was quickly dipped into a
cryoprotectant solution containing 20% (v/v) ethylene glycol,
22% PEG 1000, 200 mM MgCl2, and 100 mM imidazole (pH
8.0). The crystal was then flash-cooled in liquid N2.

35 Diffraction
data were collected at Advanced Light Source beamline 4.2.2 and
indexed, integrated, and scaled using d*TREK.36

A TdPurE crystal was soaked for 1.5 h in a solution containing
0.5 mM CAIR, 16% (w/v) PEG 1000, 100 mM MgCl2, and
100 mM imidazole (pH 8.0); the crystal was then quickly dipped
in the same solution with 20% (v/v) ethylene glycol and flash-
cooled in aN2 stream at 110 K. Diffraction data were collected on
a Rigaku R-Axis IV image plate detector using a graphite-mono-
chromated Cu KR X-ray beam from a Rigaku RU200 generator
operated at 5 keV. Data were indexed, integrated, and scaled with
d*TREK.
Determination and Refinement of Structure.The structure

of TdPurE was determined by molecular replacement using the
Thermotoga maritima PurE octamer [Protein Data Bank (PDB)
entry 1o4v]37 as the search model. The C-terminal helix was
removed, and side chains were pruned using theMINI command
in SEAMAN.38 A solution was found with MOLREP,39 using
space group P21 with the octamer as the search model. To avoid
bias introduced by the high degree of noncrystallographic
symmetry (NCS), the test set for Rfree calculation was selected
in thin resolution shells. Themolecular replacement solution was
first refined against the data set from the CAIR-soaked crystal
(using the same test set chosen for the uncomplexed crystal).
Rigid-body refinement, simulated annealing, and grouped B
factor refinement were performed in CNS40 using strict NCS
constraints. Additional refinement, and manual rebuilding with
O,41 were then conducted; subsequent rounds of refinement and
addition of water were conducted in REFMAC542 with ARP/

wARP,43 using tight NCS restraints. The protein portion of the
resulting TdPurE 3AIR complex was then refined against the data
set from the uncomplexed crystal; refinement and addition of
water were conducted in REFMAC5 with ARP/wARP, using
tight NCS restraints, and manual adjustment of the model was
conducted in O. While the resulting TdPurE model was con-
sistent with composite omit maps calculated using CNS, refine-
ment stalled at high values of the refinement statistics (R andRfree
values of 25.8 and 29.7%, respectively, for TdPurE). The H test
statistics44 in the CTRUNCATE45 output suggested a twinning
fraction of 0.23 (Table 2).
Both data sets were reprocessed using XDS,46 using the same

Rfree test sets, which gave improved statistics. Twin refinement
performed in REFMAC547 significantly improved refinement
statistics for the stalled TdPurE model. We performed several
cycles of refinement followed by model rebuilding and addition
of water in COOT,48 guided by 2Fo � Fc and Fo � Fc electron
density maps and hydrogen bonding interactions. NCS restraints
were removed in the final stages of refinement. Data collection
and refinement statistics are listed in Table 2.
The data set obtained from the CAIR-soaked crystal

(TdPurE 3AIR complex) was indexed in the P21 and C222 space
groups. Because CTRUNCATE analysis did not suggest twin-
ning, we attempted to determine the structure in the P21, C222,
and C2221 space groups. MOLREP gave solutions for both P21
(an octamer) and C2221 (a tetramer), using a monomer of the
native TdPurE as the search model. However, theC2221 solution
was refined with better statistics. AIR was built into electron
density present in each active site in the asymmetric unit. A
carbamate was modeled at the N-terminus of one chain. Iterative
refinement of the final TdPurE 3AIR model was performed as
described above.
Structure Analysis and Figure Production. Calculations of

root-mean-square differences between protein models were
conducted in LSQMAN.49 Electron density maps for PAICS
were calculated with CCP4 programs,45 using the structure
factors and model from PDB entry 2h31. This model contains
one CO2 molecule, with an occupancy of 0.5 for the C atom, and
an occupancy of 1.0 for each oxygen atom. However, because the
carbon atom is on the 2-fold axis, this results in an occupancy of
2.0 for each oxygen atom. The occupancy of the CO2 molecule
was therefore changed to 0.5 prior to calculation of phases
from the model. Figures were prepared using PyMOL50 or
ESPript 2.2.51

’RESULTS

Sequence Analysis. A complete set of 10 purine biosynthesis
enzymes is present in T. denticola, apart from the PurS compo-
nent of the multimeric formylglycinamidine ribonucleotide
synthase (EC 6.3.5.3; Table S1 of the Supporting Information).
BLASTP searches failed to identify a PurK homologue, as
expected for an organism that contains a class II PurE.b

TdPurE protein and DNA sequences were compared with
those of a diverse group of PurEs, identified as class I or class II by
characteristic sequences in the 40s and 70s loop regions
(Figure 2). (PAICS PurC and PurC�PurE linker sequences
were removed.) Similar phylogenetic trees were obtained for
selected class II PurEs analyzed by ML (Figure 3) or NJ (Figure
S1 of the Supporting Information)methods.TdPurE andAfPurE
groups are part of the class II PurE clade. There is moderate
support for a deep node containing AfPurE and TdPurE, which
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are the only known class II PurEs not fused to PurC. They may
derive from a primeval PurE that more closely resembledmodern
class II enzymes. The class I PurE clade was not well-resolved
(Figure S1 of the Supporting Information), suggesting a complex
evolutionary history. In some cases, PurEs from taxonomically
unrelated organisms that occupy similar environmental niches
appeared to cluster (e.g., AquiE1 and PaiE1, from the bacterium
Aquifex aeolicus and the crenarchaeon Pyrobaculum aerophilum,
respectively).
In contrast, PurK proteins and domains yielded well-resolved

phylogenetic trees that were similar as determined by ML or NJ
analysis (Figure S2 of the Supporting Information). The differ-
ences in phylogenetic tree structure and quality for these two
closely linked enzymes suggest that PurK and PurE may have
been subjected to different selective pressures.
TdPurE Purification and Characterization. TdPurE is a 159-

residue protein with a predicted pI of 7.7. TdPurE was expressed
in E. coli using autoinduction medium and was readily purified
using ammonium sulfate fractionation, followed by phenyl-
Sepharose, hydroxyapatite, and gel filtration chromatography
(Table 1). ESI-MS analysis was consistent with full-length
TdPurE, including Met1 [17195 ( 3 Da (observed), 17195.8
Da (expected)]. A single peak was observed by gel filtration at
184 kDa [138 kDa (expected)]. The oblate PurE octamer
probably accounts for the discrepancy. H40N-TdPurE isolated

by the same method was also full-length [17174 ( 3 Da
(observed), 17172.8 Da (expected)].
Steady-State Kinetics of TdPurE-Catalyzed Reactions. In

the CAIR decarboxylase assay, TdPurE has a Km of 9 μM and a
kcat of 65 s

�1 at 30 �C and a Km of 3.8 μM and a kcat of 16 s
�1 at

10 �C (assuming one active site per 17 kDa subunit). The value
of kcat/Km increases by only 1.7-fold over this 20 �C interval.
TdPurE is also more active than EcPurE at both temperatures:
185 and 37 units mg�1 at 30 �C and 49 and 9.3 units mg�1 at
10 �C, respectively.
The specific activity of H40N-TdPurE in the CAIR decarbox-

ylation assay (100 μMCAIR) was∼0.01 unit mg�1, or 2� 104-
fold lower than that of wild-type TdPurE.c As with class I
PurEs,11,12 the universally conserved active site His (Figure 2)
appears to be critical for activity.
Preliminary AIR carboxylation assays were performed under

high-bicarbonate conditions (0.2 M) that either provide sub-
stantial CO2 (class II PurE) or nonenzymatically convert some
AIR to N5-CAIR (class I PurE). These saturation curves gave an
AIR kcat/Km of 6.4� 103 M�1 s�1 (Figure S3 of the Supporting
Information), which is 80-fold lower than the value reported for
ChickE under similar conditions.7 Inhibition was evident in
CAIR decarboxylation assays performed under high-bicarbonate
conditions, which gave a CAIR kcat/Km of 3.3 � 104 M�1 s�1,
some 220-fold lower than the value determined above. Higher
activities were obtained using CO2 as a substrate (described
below).
pH Dependence of CAIR Decarboxylation. The CAIR

decarboxylation reaction requires C4 protonation; the pH de-
pendence of this reaction has not been reported for any class II
PurE. A bell-shaped kcat/Km versus pH profile (Figure 4) was
observed with a pK1 of 5.7 ( 0.2 and a pK2 of 7.3 ( 0.1. These
findings are similar to results obtained with class I enzymes
EcPurE (pK1 = 6.7, and pK2 = 7.5)

12 and AaPurE (pK1 = 6.0, and
pK2 = 7.2),

11 as expected because all enzyme forms have the same
ionizable enzyme groups and use the same CAIR substrate. The
functional H59D-AaPurE mutant was used to assign pK2 to the
active site His,11 which is likely to play the same role in the class II
PurE reaction.
The TdPurE kcat versus pH profile was more complex,

indicating a change in the kinetic mechanism at low pH
(Figure 4). (Spontaneous CAIR decarboxylation, which in-
creases at low pH,5 was subtracted from the observed rates.)
We considered the possibility that the TdPurE 3CAIR Michaelis
complex could form products by parallel pathways at low pH,
with each contributing to the observed kcat. This model and the
derivation of eq 2, an expression for the pH dependence of the
CAIR decarboxylation reaction, are given in Appendix 2 of the

Figure 3. Evolutionary relationship among selected PurE sequences
from bacteria (black), archaea (red), and eukarya (blue). The appended
numeral (1 or 2) indicates a class I or class II PurE sequence. The four
class I PurEs shown are three previously characterized forms and the
most divergent form in class I alignments (HmaE1). A ClustalW
alignment of 95 protein sequences was used to create a codon-aligned
DNA alignment, of which 18 were analyzed using the ML method. The
third nucleotide in each codon and all gap-containing positions were
ignored. A bootstrap test of the inferred phylogeny was performed with
1000 replicates. The numbers at branches represent the percentage of
replicate trees containing the indicated clustering (>50%). Branch
lengths are proportional to evolutionary distances; the scale bar repre-
sents a distance of 0.1 substitution per site. Organism codes, taxonomic
information, and sequence details are given in Tables S3�S9 of the
Supporting Information.

Table 1. Isolation of TdPurE

operation

protein

(mg)

activity

(units)

specific activity

(s�1)a
yield

(%)

streptomycin 712 3560 1.4 (28)

60% (NH4)2SO4 112 12660 33 100

phenyl-

Sepharose

66 9370 41 74

hydroxyapatite 51 6530 37 51

Superdex-200 25 4500 52 35
aComputed assuming one active site per 17189Da subunit. One unit per
milligram corresponds to a specific activity of 0.29 s�1.
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Supporting Information. A fit of the data to eq 2 gave a pK1 of
5.9( 0.5 and a pK2 of 8.4( 0.1. These pKa values are similar to
those for class I enzymes EcPurE (pK1 = 5.9, and pK2 = 8.6)12

and AaPurE (pK1 = 5.1, and pK2 = 8.4).11 However, in class I
PurEs, pK1 is associated with suppression of activity, due to
protonation of CAIR N3 within the Michaelis complex,11

whereas class II PurE shows activation of activity (Figure 4).
N5-CAIR Regeneration System. Ultraviolet absorbance spec-

troscopy is routinely used to monitor the conversion of CAIR to
AIR andN5-CAIR, each of which has an extinction coefficient lower
than the extinction coefficient of CAIR. Both PurE classes are
expected to form the same equilibriumproduct distribution contain-
ing mainly AIR, because of the spontaneous decarboxylation ofN5-
CAIR. To assess its ability to function as a PurE substrate, it is
desirable to maintain the N5-CAIR concentration at a high steady-
state level. This can be achieved at low bicarbonate concentrations
using EcPurK- and ATP-dependent resynthesis.4 However, the high
level of ATP required is incompatible with quantitation by absor-
bance of aminoimidazole mononucleotides.
We developed an ATP/N5-CAIR regenerating system that

allowed for spectrophotometric monitoring of PurE reaction

mixtures at low ATP levels (Appendix 3 of the Supporting
Information). A central concern was to minimize the spectral
contribution of reaction mixture components in the ultraviolet
region of interest. ATP regeneration by pyruvate kinase and
phosphoenolpyruvate fails with respect to this criterion. Next, we
considered acetate kinase and acetyl phosphate, which have no
significant absorbance in the 230�300 nm range at the required
concentrations. Unfortunately, this system does not support
recycling ofN5-CAIR (data not shown). We speculate that PurK
is inhibited by acetyl phosphate, which resembles the carbox-
yphosphate reaction intermediate.52

We resorted to creatine phosphate/creatine kinase (CrP/
CK), which has no absorbance in the 242�300 nm range and
is known to support PurK activity.22 The CK reaction has a
weaker preference for ATP regeneration (10�20-fold53�55)
than the aforementioned ATP regeneration systems.56 The
irreversibility of the PurK reaction, as judged by its inability to
convert ADP, Pi, and N5-CAIR into ATP and AIR,57 further
ensures efficient recycling. We found 50 μM ATP to be an
acceptable compromise between background absorbance and
efficient N5-CAIR regeneration, even though this level is both

Table 2. Crystallographic Data Collection and Refinement Statisticsa

TdPurE (PDB entry 3rg8) TdPurE 3AIR (PDB entry 3rgg)

Data Collection

space group P21 C2221
cell dimensions a = 83.5 Å, b = 87.9 Å, c = 86.7 Å a = 84.4 Å, b = 155.1 Å, c = 88.1 Å

R = γ = 90�, β = 118.3� R = β = γ = 90�
resolution (Å) 19.6�1.74 (1.79�1.74) 37.1�1.82 (1.87�1.82)

no. of reflections (total) 410467 (29077) 325864 (18126)

no. of reflections (unique) 112698 (8305) 51257 (3520)

redundancy 3.6 (3.5) 6.3 (5.1)

completeness (%) 99.5 (99.5) 98.6 (92.3)

Rsym
b (%) 5.1 (59.1) 6.4 (86.5)

ÆI/σæ 17.5 (2.1) 20.0 (2.2)

Refinement

resolution (Å) 19.6�1.74 (1.77�1.74) 37.1�1.82 (1.87�1.82)

no. of reflections 106915 (5694) 48510 (3510)

completeness (%) 97.2 (82.9) 98.3 (92.1)

Rcryst
c (%) 16.5 (20.1) 18.6 (38.0)

Rfree
d (%) 20.0 (29.3) 21.7 (40.7)

twin fraction (initial/final) 0.23/0.359 �
twin law (�h,�k,hþl) �
no. of protein atoms 9496 4708

no. of ligand atoms � 76

no. of buffer atoms 8 �
no. of water atoms 825 292

rmsd

bond lengths (Å) 0.016 0.016

bond angles (deg) 1.547 1.682

average B factor (Å2)

protein atoms 22.3 35.7

ligand atoms 29.4 37.5

water atoms 25.0 36.1
aValues in parenthesis are for the highest-resolution shell. b Rsym = ∑|Ih � ÆIhæ|/∑Ih, where ÆIhæ is the average intensity over symmetry. c Rcryst =
∑|Fo� ÆFcæ|/∑Fo, where the summation is over the data used for refinement. d Rfree is defined in the same way as Rcryst but was calculated using the
5% of the data that were excluded from the refinement.
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subsaturating for EcPurK (Km = 90 μM)6 and comparable to the
aminoimidazole mononucleotide concentrations present.
The conversion of AIR to N5-CAIR in the presence of CrP/

CK shows a decrease in absorbance below 244 nm due to CrP
consumption (Figure S9 of the Supporting Information). This
spectral region was excluded from aminoimidazole analysis.
Difference spectra also exhibit a small increase at 250�260 nm,
which is probably due to slow, nonenzymatic formation of CAIR.
The distribution of aminoimidazole mononucleotides is not
significantly affected by this phenomenon.
At pH 8, the Keq for the EcPurE reaction measured by this

method is∼1.2, favoring CAIR slightly (data not shown). This is
in reasonable agreement with a Keq of 1.8 at pH 7.8 reported for
the EcPurE-mediated and nonenzymatic equilibration of “AIR”
(likely a mixture of AIR and N5-CAIR) and CAIR.6 The class II
reaction is expected to be much less favorable at neutral pH and
low CO2 levels. Parallel experiments performed with TdPurE in
the absence of the ATP regenerating system indicate that
[AIR]/[CAIR] ∼ 7 at 1 mM CO2 and pH 8 (data not shown).
N5-CAIR Is Not a TdPurE Substrate. All PurEs are thought to

form ternary PurE 3AIR 3CO2 complexes, which means that an
“ambidextrous” PurE form with both class I and class II activities
(that is, one that can useN5-CAIR and AIR/CO2)may exist. As a
deeply branched form, TdPurE is a logical candidate. Here we
examined its ability to use N5-CAIR as a substrate. N5-CAIR has
not previously been excluded as a class II PurE substrate, because
it forms spontaneously under the high-bicarbonate/CO2 condi-
tions typically used for AIR carboxylase assays.
The addition of either TdPurE or EcPurE to a solution of

CAIR results in similar ultraviolet spectra (Figure 5) that
resemble the AIR spectrum.6 AIR is the predominant species
present in each reaction mixture because of direct, enzyme-
mediated formation of AIR (TdPurE) or spontaneous decarbox-
ylation of N5-CAIR (EcPurE).
The reaction outcomes diverge sharply when EcPurK is added

to each PurE reactionmixture. The addition of EcPurK to EcPurE
reaction mixtures results in an increased absorbance, indicating
that N5-CAIR is converted to CAIR; the steady-state concentra-
tions of N5-CAIR and CAIR are comparable. In contrast, the

addition of EcPurK to TdPurE reaction mixtures results in a
decreased absorbance similar to that in a spectrum of N5-CAIR
recorded at pH 7.8 and 4 �C.57 This demonstrates that TdPurE
cannot convert N5-CAIR to CAIR, as expected for a dedicated
class II PurE.
CO2 Is a TdPurE Substrate.High bicarbonate levels can often

provide sufficient CO2 to support class II PurE reactions.7

However, preliminary steady-state experiments (Figure S3 of
the Supporting Information) showed unexpectedly low activities,
possibly due to inhibition by bicarbonate or N5-CAIR, which
would be present at high levels in this assay.7 CO2 can also be
provided from a saturated aqueous solution, providing substrate
until it is depleted by CO2 h HCO3

� equilibration.1 Controls
showed that relatively little bicarbonate is initially present: for a
predicted delivery of 0.48�29 mM CO2, we measured [CO2]T
values of 0.5�30 mM in equilibrated reaction mixtures. Condi-
tions were chosen such that CO2 equilibration (t1/2∼ 90 s)1,58 is

Figure 4. pH dependence of the CAIR decarboxylase reaction. The
kcat/Km data (right ordinate,O) fit to eq 1 with a ~kcat/~Km of (2.9( 0.5)
� 107M�1 s�1 ( 3 3 3 ). The kcat data (left ordinate,9) fit to eq 2 with a~k1
of 210 ( 70 s�1 and a ~k2 of 63 ( 9 s�1 (—). The two pKa values
obtained in each fit are given in the text.

Figure 5. Divergent products formed from CAIR by different PurEs in
the presence of EcPurK at steady state. CAIR (black trace) is converted
to an equilibrium distribution of mononucleotides (AIR, N5-CAIR, and
CAIR) by the addition of either EcPurE (blue trace without symbols) or
TdPurE (red trace without symbols). The addition of EcPurK to the
EcPurE reaction mixture leads to an increase in absorbance due to CAIR
formation (blue trace with diamonds). In contrast, the addition of
EcPurK to the TdPurE reaction mixture leads to a further decrease in
absorbance due to depletion of CAIR (red trace with circles). The latter
spectrum is similar to that of N5-CAIR alone, indicating it is not a
substrate for TdPurE. In these experiments, the decomposition of N5-
CAIR has been minimized by the addition of bicarbonate. All PurK
reaction mixtures also contain ATP, CK, and CrP (Appendix 3 of the
Supporting Information). While contributions due to enzyme(s) and
buffer components have been subtracted, some change due to the
conversion of CrP to Cr is expected at lower wavelengths; absorbance
spectra containing theN5-CAIR recycling system are depicted as dotted
lines below 244 nm. A control reaction without PurE shows no
significant difference in the CAIR spectrum after the addition of EcPurK
(data not shown). The extinction coefficients given are higher than
reported values.2,6,57 This appears to be an unsubtracted background
component derived from slow AIR decomposition. The observedΔε260
of 9.79 mM�1 cm�1 between the CAIR spectrum (black trace) and the
EcPurK/TdPurE spectrum (thick red trace) is exactly the same as the
difference between published ε260 values for CAIR (10.50 mM�1 cm�1)
and N5-CAIR (0.71 mM�1 cm�1). This provides additional evidence
that the most abundant mononucleotide present in the EcPurK/TdPurE
reaction mixture is N5-CAIR.
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slower than class II PurE-mediated conversion of AIR and CO2

to CAIR.
Both TdPurE and EcPurE reaction mixtures showed an initial

increase at A260 due to CAIR formation (Figure 6), which is
enzyme-catalyzed (class II PurE) or due to the eventual conver-
sion of nonenzymatically formed N5-CAIR to CAIR (class I
PurE). The initial formation of CAIR is much faster in TdPurE
reaction mixtures than in those containing EcPurE. The subse-
quent decrease in absorbance after a few minutes can be
explained by the conversion of CO2 to HCO3

� as the CO2�
HCO3

� equilibrium is established. TdPurE increasingly favors
CAIR decarboxylation as the CO2 concentration decreases. The
kinetic complexity of the back-reaction period precludes a
detailed simulation of the whole progress curve. However, the
initial absorbance decrease corresponding to the back-reaction
was adequately represented by a simple line (eq 3). This allowed
fitting of the first∼55 s of the time course (dotted lines in Figure 6)
and estimation of initial CAIR formation velocities (eq 5).
The initial velocity of formation of CAIR by TdPurE was

linearly dependent on enzyme concentration (inset of Figure 6),
with a slope corresponding to a kcat of 27 s

�1. In contrast, initial
velocities in the EcPurE reactions showed no dependence on
enzyme concentration (average value of 0.2 nmol s�1 in this
experiment) even in the presence of large amounts of the class I
PurE. The slow increase in the EcPurE reaction mixtures is
likely due to nonenzymatic formation of N5-CAIR, which is
slower than either the subsequent EcPurE-mediated conversion
of N5-CAIR to CAIR or CO2-dependent, TdPurE-mediated

CAIR formation. As anticipated, reaction mixtures containing
either PurE approached a comparable, increased absorbance value
after a fewminutes, indicating a similar equilibrium distribution of
aminoimidazole mononucleotides that undergoes an increase in
CAIR concentration due to the increase in [CO2]T.
The CO2-dependent activity assay allowed the determination

of kinetic constants for the TdPurE-mediated AIR carboxylation
reaction (Figure S4 and Table S10 of the Supporting In-
formation). The Km value at 10 �C for CO2 was 13 mM at satu-
rating levels of AIR. The corresponding value for ChickE at 37 �C
was determined using a KHCO3-dependent assay (23 mM
KHCO3 or <0.8 mM CO2).

7 The kcat values are comparable:
77 s�1 for TdPurE and 32 s�1 for ChickE.
The Km value for AIR was∼60 μM at near-saturating levels of

CO2. The TdPurE kcat/Km = 1 � 106 M�1 s�1 (AIR) at 10 �C.
The comparable value for ChickE is 5 � 105 M�1 s�1.7

Crystallographic Characterization of TdPurE. The crystal
structure of TdPurE was determined by molecular replacement
(Table 2). TdPurE has the same protein fold as class I PurE9 and
the class II PurE domain of PAICS.13 The eight monomers of
TdPurE resemble each other closely, differing only in the
conformations of residues at the N- and C-termini. The TdPurE
monomer aligns with EcPurE (PDB entry 1qcz) with a root-
mean-square deviation (rmsd) of 1.24 Å over 145 CR atoms and
with AaPurE (PDB entry 2fwj) with an rmsd of 1.15 Å over 140
CR atoms. It aligns with the PurE domain of human PAICS
(PDB entry 2h31) with an rmsd of 0.93 Å over 152 CR atoms.
Class I and class II PurE sequences are distinguished by

differentially conserved residues, i.e., those that are highly con-
served but are different in each class (Figure 2). Three such
differences map to the active site “70s loop” (Figure 7D). First, a
His (EcPurEHis75 and AaPurE His89) is replaced with a smaller
residue (TdPurE Ala71 and PAICS Gly334). Second, a small
residue (EcPurE Gly72 and AaPurE Gly86) is replaced with an
Arg (TdPurE Arg68 and PAICS Arg331). The methylene groups
of Arg68 form part of the active site, but the guanidinium moiety
extends to the surface, where Nω contacts the backbone
carbonyl of conserved residue Met1050 [Met105 from a neigh-
boring monomer (Figure 7B)]. Third, an Ala (EcPurE Ala74 and
AaPurE Ala88) is replaced with TdPurE Asn70. [The re-
placement of a nearby Pro (EcPurE Pro77 and AaPurE Pro91)
with a smaller residue (TdPurE Ser73 and PAICS Gly336)
appears to sterically accommodate Asn70.] The side chain of
Asn70 makes a capping interaction at the end of helix R3,
interacting with Ser73 NH and Oγ, and also Leu72 NH. Another
contact is made with Ser102 in helixR4, an absolutely conserved,
class II-specific residue. The side chain of PAICS Asn333 makes
comparable interactions with the helix backbone, but the only
side chain�side chain interactions are with Ser349 and Ser365
(the equivalent of TdPurE Ser102). This substructure appears to
increase the rigidity of the class II PurE 70s loop relative to that in
class I PurEs, which makes no side chain�backbone interactions.
The crystal structure of TdPurE bound to AIR was obtained

using data from a TdPurE crystal that had been soaked with
CAIR (Table 2). The TdPurE 3AIR complex crystallized in space
group C2221, with half of the octamer represented in the
asymmetric unit. The N-terminus of chain D was modeled as a
carbamate that contacts the Ser91 hydroxyl group and the Asp92
amide nitrogen in an adjacent octamer. We hypothesize that this
adduct is formed from bicarbonate provided by the CAIR
solution. (No ESI-MS peak consistent with N-formylated Met1
was observed.)

Figure 6. Formation of CAIR upon addition of CO2 to solutions
containing PurE and AIR. At time zero, CO2 was added from a saturated
stock (final concentration of 20 mM) to a solution containing 0.1 mM
AIR and varying amounts of PurE at 10 �C and pH 8. The solid lines
illustrate progress curves for solutions containing EcPurE (0.84�
3.3 nmol of subunits, from light to dark blue; 0.14�0.56 unit in the
CAIR decarboxylation assay at 10 �C). The symbols illustrate progress
curves for TdPurE at 0.068 nmol of subunits (0.058 unit) (black
symbols), 0.14 nmol of subunits (0.12 unit) (red symbols), or 0.27 nmol
of subunits (0.23 units) (green symbols). Dotted lines indicate fits of the
initial ∼50 s for the TdPurE progress curves to eq 3, which are used to
obtain initial velocities with eq 5. The missing time points at the
beginning of each trace represent the time required to add CO2, mix
the solution, and replace the cuvette. Mechanical mixing methods were
not used because the CO2 solution is bubbled until the last possible
moment. The inset shows the enzyme concentration dependence of the
initial velocity (color-coded as in the main panel). Note that the EcPurE
concentrations indicated on the abscissa have been divided by 10.
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The enzymatic product AIR was built into clear electron
density (Figure 7A) in all active sites. AIR adopts four slightly
different conformations; only the AIR in subunit A is discussed
here (Figure 7B). Several polar interactions are typical for PurE
bound to aminoimidazole mononucleotides: the Ser11 hydroxyl
group contacts phosphate O8, Asp14 contacts both ribose hydro-
xyls, and the Ser38 hydroxyl group contacts aminoimidazole N3.
The TdPurE active site is mostly preorganized to bind AIR

(Figure 7C). The first difference is a shift in the position of
Ser1070, in which the hydroxyl group swivels ∼110� to form a
hydrogen bond with AIR phosphate O6. This is the first example
of a polar contact between a bound mononucleotide and an
adjacent PurE subunit. (Ser107 is conserved in class II PurE
only.) The second difference is an ∼70� rotation of the His40
side chain, about an axis passing through Cβ andNε2, that avoids
a clash with AIR C4.
Similar solution conditions were used to prepare AIR com-

plexes for AaPurE11 and TdPurE to allow a close comparison of
class-specific interactions. AIR is a competitive inhibitor of class I
PurEs2,57 but is a substrate for class II PurEs. The AIR con-
formations in these complexes differ most in the position of the
phosphate moiety (Figure 7D). The interaction with the differ-
entially conserved residue TdPurE Lys41, which is shorter than
the corresponding class I Arg, appears to pull the AIR deeper into
the active site pocket. AaPurE Arg60 forms hydrogen bonds with
two phosphate oxygens. In TdPurE, this role is performed by

Lys41, which forms a hydrogen bond with only one phosphate
oxygen, and Ser1070 (Gly1260 in AaPurE), which contacts a
different phosphate oxygen.
The aminoimidazole moiety is closer to the 70s loop in the

TdPurE 3AIR complex than in the AaPurE 3AIR complex
(Figure 7D). In the TdPurE 3AIR (substrate) complex, AIR
exocyclic amine N6 contacts two backbone carbonyl oxygens
(Gly67, 3.1 Å; Ser69, 2.8 Å) in the differentially conserved 70s
loop, whereas the corresponding AaPurE 3AIR (inhibitor) and
dead-end H59N-AaPurE 3AIR 3CO2 complexes show only one
contact (Figure S5 of the Supporting Information). This region
is located near the amino-terminal (positive-dipole) end of
helix R2.
Additional steric constraints are provided by TdPurE Arg68,

which is sandwiched between AIR (C40 and C50) and Arg1040. In
turn, Arg1040 appears to be held in place by a salt bridge with the
universally conserved residue Asp98 and differentially conserved
residues in surrounding loops. Class I PurEs do not have these
contacts: Gly72 and Gln109 of AaPurE and Arg68 and Arg104 of
TdPurE are differentially conserved residues.d As described
above, the conformation of the class II 70s loop appears to be
buttressed by the Asn70�R3 helix-capping interaction, which is
not found in the comparatively flexible, Ala- and Gly-rich class I
70s loop.
As described above, the TdPurE His40 imidazole rotates upon

AIR binding. The corresponding AaPurE His59 imidazole does

Figure 7. PurE 3AIR complexes. (A) View of the ligand in the refined TdPurE 3AIR model superimposed onto the 2Fo � Fc electron density map
(contoured at 1.5σ; PDB entry 3rgg). (B) Stereodiagram of the TdPurE 3AIR complex (PDB entry 3rgg) with ligand-contacting residues labeled. Panels
B�Dpresent the same orientation of the active site (stick rendering, gray carbon atoms) and ligands (ball-and-stick rendering). The segment containing
Ser1070 is shown in thin stick rendering with green carbon atoms. Placeholder waters (PH1,HOH160; PH2, HOH161) and the portal water (HOH162)
are shown as cyan or magenta spheres. (C) Comparison of TdPurE (thin stick rendering, with dark green carbon atoms, PDB entry 3rg8) with the
TdPurE 3AIR complex. In the inset, a perpendicular view from the right demonstrates the His40 ring rotation. (D) Stereodiagram superposing the
AaPurE 3AIR complex (black carbon atoms, PDB entry 2fwj) onto theTdPurE 3AIR complex. Both crystals were grown at pH 8.0 and soaked with CAIR
prior to being flash-cooled and prior to data being collected.
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not. In both complexes, His Nδ is on the re face of the
aminoimidazole (Figure 7D). In the AaPurE 3AIR complex, the
His59 imidazole and AIR aminoimidazole rings are oriented in
near-parallel planes, with a His Nδ�AIR C4 separation of 3.5 Å.
In the TdPurE 3AIR complex, these planes form an ∼55� angle
and the Nδ�C4 separation is 3.7 Å.
Carboxylate/CO2 Binding Site. Class I PurE active sites

contain a carboxylate/CO2 binding subsite that is variously
occupied by nucleotide carboxylates, CO2, the NO2 group in
the competitive inhibitor 4-nitro-AIR, or two well-ordered and
highly conserved waters (“placeholder waters”).12 Quantitative
retention of CO2 formed transiently by class I PurE has been
demonstrated.8

Placeholder waters are present in both TdPurE structures
(Figure 7C). Placeholder water 1 (HOH160) interacts with the
amide NH group of Ala39 (in AaPurE, HOH688 and Ala58;
PDB entry 1u11). Placeholder water 2 (HOH161) interacts with
the amide NH groups of Ala71 and Leu72 (in AaPurE, HOH691
and His89/Leu90). The placeholder waters are ∼2.7 Å apart;
analogous O�O separations are 2.31 Å in CO2 and 2.21 Å in
CAIR (in the H45N-EcPurE 3CAIR complex, PDB entry 2nsl).12

An atom located halfway between the placeholder waters would
be well-placed to react with AIR C4, 2.4 Å away. The catalytically
arrested mutant H59N-AaPurE 3AIR 3CO2 complex (PDB
entry 2fwp)e has an AIR C4�CO2 carbon�carbon distance of
2.7 Å.11,12

The absence of a bulky side chain at TdPurE Ala71 (analogous
to EcPurE His75) creates a “remote pocket” outside the active
site that is occupied by two well-ordered water molecules. In the
PAICS structure, the remote pocket contained electron density
in the Fo � Fc map that was reported to correspond to a CO2

molecule bound on a 2-fold crystallographic axis.13 This location
is not consistent with the required covalent interaction between
CO2 and AIR C4, which would be separated by∼7.8 Å, nor is it
clear howCO2would access this site.We recalculated the Fo� Fc
electron density map using the PAICS model with CO2 removed
and found that the CO2 density was difficult to discern from
background noise. We then calculated a σA-weighted 2Fo � Fc
electron density map using the PAICS model with the CO2

occupancy corrected as described in Experimental Procedures;
this map had almost no electron density at the position of the
modeled CO2. Given the weak electron density and the relatively
low resolution of the crystal structure, the evidence of CO2

binding in the remote pocket of PAICS is not compelling.
A Possible Portal for CO2. In contrast to the tight retention of

transiently formed CO2 by class I PurE, class II PurEs must allow
the binary PurE 3AIR complex to bind or to dissociate from CO2.
The TdPurE 3AIR complex appears to contain a portal for CO2

that leads to the carboxylate/CO2 binding site, the deepest part
of the active site (Figure 8D). The narrowest constriction is
defined by the CR atom and backbone oxygen of Gly10, the Cβ
atom of Ser38, and the C2 atom of the AIR aminoimidazole ring.
In most subunits, a “portal water” (HOH162), located just
outside this constriction, is 6.3 Å from the CO2 binding site,
defined by placeholder water 1 (HOH160) (Figure 7B). The
portal water also makes polar contacts with an AIR phosphate
oxygen (O7), Nε of the class II-specific residue Lys41, the
backbone oxygen of Gly10, and several external waters that are
in contact with bulk solvent. Contacts with Ser38 appear to
stabilize the constriction, including several polar interactions
between its hydroxyl group and the backbone amides of His40
and Lys41, and with N3 of the AIR aminoimidazole ring. A CO2

entering the active site along the path from the portal water to
placeholder water 1 would pass alongside AIR phosphate O7 and
then aminoimidazole ring C2, both of which are opposite AIR
exocyclic amine N6. AIR C2 is farther from from the portal
residue TdPurE Gly10 than it is from the corresponding class I
residue (AaPurE Gly29).

’DISCUSSION

Physiological Consequences of PurE Class Selection.
TdPurE is the only bacterial class II purE sequence currently
known. Despite clear sequence differences (Figure 3), TdPurE
contains all class-specific, differentially conserved residues and is
functionally and structurally similar to ChickE5,7 and HumanE.13

The similar sequences of bacterial TdPurE and archaeal AfPurE
suggest both an ancient origin for class II PurEs and the
possibility that T. denticola did not acquire its unusual PurE from
an animal host.
Environmental factors like ambient CO2 concentration may

dictate the selection of a particular PurE class.8 Some microbes
that contain a class I PurE, but lack PurK, appear to rely upon the
spontaneous formation of N5-CAIR from AIR at elevated CO2

levels (Table S7 of the Supporting Information). This seems less
efficient than the direct use of AIR and CO2 by the class II PurE
in T. denticola; perhaps the class II PurE equilibrium, disfavoring

Figure 8. Surface rendering ofAaPurE (A andC) orTdPurE (B andD),
in the absence (A and B) or presence (C and D) of AIR. All crystal
structures were superimposed using backbone atoms of subunit A and
are shown from the same orientation outside the putative CO2 portal.
The placeholder waters (cyan spheres connected by black dotted line)
indicate the CO2 binding site at the bottom of the active site pocket. The
gold dotted line in panel D is the shortest path (6.3 Å) from the portal
water (magenta sphere, HOH162) to placeholder water 1 (HOH160)
and may represent the path by which CO2 enters the TdPurE 3AIR
binary complex. Note that a similar path is not present in the AaPurE 3
AIR complex (C); class I PurE traps transiently formed CO2.

8 Surfaces
are colored by element (red, oxygen; blue, nitrogen) or chain (protein
carbon atoms colored green in subunit A, cyan in subunit B, and white in
subunit F). Crystals were grown and soaked at pH 8.0, except for
AaPurE (PDB entry 2fw1) in panel A, which was crystallized at pH
8.5 and contains an adventitiously bound acetate. An alternate view of
panel D is presented as a stereodiagram in Figure S6 of the Supporting
Information.
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CAIR formation, is a limitation. CO2 availability should be
particularly important for purine biosynthesis in T. denticola.
Cytoplasmic CO2�bicarbonate equilibration may be a sig-

nificant influence on PurE class selection. Carbonic anhydrase is
essential under low-CO2 conditions in many bacteria and yeasts,
including some pathogens.59,60 Decarboxylase enzymes produce
CO2 as a product, whereas carboxylase enzymes generally
consume bicarbonate and ATP. The essential function of carbo-
nic anhydrase has been proposed to be capturing metabolically
produced CO2 as the membrane-impermeant bicarbonate, for
use in fatty acid, amino acid, and nucleotide biosynthesis.61

Under low-CO2 conditions in the absence of carbonic anhydrase,
the spontaneous conversion of CO2 to bicarbonate could be a
growth-limiting factor.
Carbonic anhydrase has not been detected in any spirochete or

in A. fulgidus.62 The direct use of CO2 in purine biosynthesis may
therefore be advantageous to T. denticola, by lowering biosyn-
thetic bicarbonate demand relative to the demands of other
bacteria. Furthermore, CO2 is more readily available in the
anaerobic niches occupied by T. denticola and A. fulgidus, as it
was in the anoxic Archaean atmosphere.63,64

Structural Divergence of PurE Classes: N5-CAIR and CO2

Binding.Only class I PurE performs the N5-CAIRf AIR 3CO2

half-reaction (Figure 1).12 Structural reasons for this functional
difference are not apparent in a comparison of unliganded PurE
structures.13

While N5-CAIR is not a TdPurE substrate, it could be an
inhibitor that forms spontaneously in high-CO2 environments.
The AIR binding mode may disfavor N5-CAIR binding or
formation by TdPurE. A superposition of N5-CAIR from the
EcPurE 3N

5-CAIR complex (a revision of PDB entry 1d7a)9,12

onto ligand atoms in the TdPurE 3AIR complex would cause the
carbamate oxygens to clash with the side chains of universally
conserved residues Ala66 and Leu72 of TdPurE.
Aminoimidazole ring flipping in class I PurE complexes may

determine whether C4 (leading to CAIR) or N6 (leading to N5-
CAIR) reacts with the sequestered and immobilized CO2.

12

Comparisons with the dead-end ternary complex, H59N-Aa-
PurE 3AIR 3CO2, indicate that less motion is required for the
AIR 3CO2 f CAIR conversion (class I and class II) than for the
N5-CAIRf AIR 3CO2 conversion (class I-specific). This differ-
ence may explain why the class I active site appears to be less rigid
than the class II active site.
Class I and II PurEs differ starkly in their respective require-

ments for preventing or allowing CO2 association and/or
dissociation. Class I PurE 3AIR 3CO2 intermediate complexes
must effectively prevent CO2 escape, which equates to a waste of
ATP by PurK.8,9,11 In contrast, class II PurE 3AIR complexes
must effectively trap CO2 that reaches the bottom of the active
site, possibly by increasing the reactivity of AIR C4.
The binary TdPurE 3AIR structure shows how CO2 might

enter its binding pocket below AIR, but after AIR binding: a CO2

portal allows access to the bottom of the active site (Figure 8). In
contrast, class I PurE lacks a portal and is competitively inhibited
by AIR,57 which cannot form a productive ternary complex. The
differentially conserved residue Lys41 (and Ser1070) reorients
the AIR phosphate to create the portal, an important class-
specific role.
The TdPurE His40 ring rotation is the most obvious class-

specific difference upon AIR binding. Another is the stronger
interaction of AIR with the TdPurE 70s loop carbonyl oxygens,
which would increase the electron density at C4. This should

increase the likelihood that CO2 entering the active site will form
isoCAIR. In class I PurE, the electron density at C4 may also be
modulated by variable interactions with the 70s loop. The dead-
end ternary H59N-AaPurE 3AIR 3CO2 complex (PDB entry
2fwp) shows a unique backbone rotation that moves the Ala87
carbonyl away from the AIR exocyclic amine (Figure S5 of the
Supporting Information).
Functional Divergence of PurE Classes: pH�Rate Profiles.

Unlike the class I PurE reaction (Figure 1), the class II PurE
equilibrium involves a proton; low pH favors CAIR decarboxyla-
tion. In the CAIR decarboxylase reaction, the two PurE classes
diverge only after CAIR C4 protonation and decarboxylation to
form a ternary PurE 3AIR 3CO2 complex.8,12 Class II PurE
dissociates AIR and CO2 and absorbs a proton to reset for the
next cycle (Figure 9). Class I PurE continues with the half-
reaction that forms N5-CAIR by nucleophilic attack on the
sequestered CO2.
Class I PurE and TdPurE CAIR decarboxylase kcat/Km values

have bell-shaped pH profiles with similar pKa values (Figure 4),
indicating that comparable ionizations occur in the free enzyme
(or CAIR). Our assignment of pK2 to deprotonation of the
critical His residue and our suggestion that pK1 corresponds to
CAIR N3 protonation11 also appear to be plausible for TdPurE.
However, the shapes of the pH�kcat profiles are strikingly
different, indicating that pK1 has a different kinetic consequence
in the enzyme�substrate complex formed by each PurE class.
Protonation at N3 or C4 is required for nonenzymatic

decarboxylation of CAIR or its analogues.65 In solution, proton-
ation at N3 has pKa values of 6.05 and 5.9 for the nucleoside
analogues of AIR and CAIR, respectively.66 In the class I PurE
working mechanism (Figure 1), N3 protonation is electrostati-
cally incompatible with subsequent C4 protonation.11,12 Class I
PurEs appear to redirect protonation to the adjacent C4 atom to
form isoCAIR, perhaps with the assistance of a universally
conserved 40s loop Ser functioning as a hydrogen bond
donor11,12 (left series, Figure 9). Decarboxylation of isoCAIR
would then furnish the key AIR 3CO2 intermediate. In the
absence of the general acid (His59), N3 protonation might have
a role in forming the dead-end H59N-AaPurE 3AIR 3CO2

complex.12

Our tentative model for the TdPurE kcat increase correspond-
ing to pK1 also involves CAIR N3 protonation (right series,
Figure 9). Here TdPurE Ser38 facilitates CAIR N3 protonation
by functioning as a hydrogen bond acceptor. The timing of C4
protonation and decarboxylation may be reversed if N3 is
protonated. Initial C4 protonation (forming isoCAIR-Hþ, a ring
with two positive charges) would be associated with prohibitive
electrostatic barriers, as previously discussed.11 Alternatively,
initial decarboxylation could form the nitrogen ylide of AIR
(yAIR), a proposed intermediate in CAIR ribonucleoside
decarboxylation.65 The negative charge at C4 would be stabilized
by interactions with the polarized CO2 carbon, protonated
His40, and protonated N3 (box in Figure 9). Similar intermedi-
ates have been proposed for 3-aminopicolinic acid decarbox-
ylation67 and for orotidine 50-monophosphate decarboxylase.68

However, the yAIR mechanism has been criticized69 because N3
in the class II-selective inhibitor 4-nitro-AIR70 is difficult to
protonate.71 A concerted C4 protonation�decarboxylation re-
action might skirt implausible stepwise reaction intermediates.
The finding that H40N-TdPurE is inactive is consistent with a

required interaction between CAIR andHis40. The imidazole tilt
observed here may allow protonated His40 to interact differently
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with CAIR than in class I PurEs. A recent study of pyridinium-
catalyzed mandelylthiamin decarboxylation72 posits a direct
interaction between the cationic catalyst and the decarboxylation
transition state.73

Opportunities for Antibiotic Development. Defects in
purine biosynthesis are associated with attenuated virulence in
a broad range of bacterial pathogens.74�85 PurK-knockout and
(class I) PurE-knockout strains show particularly reduced
pathogenicity.81,83,86 Neither of these enzymes is found in
mammals, which is the optimal situation for an antibiotic target.
As demonstrated by the class-selective PurE inhibitor, 4-nitro-
AIR, differences between PurE classes can be exploited despite
strong mechanistic similarities. Several such differences are
described here: different AIR conformations, the additional steric
volume associated with the class II CO2 portal, and the aminoi-
midazole ring flip that is uniquely required for formation of
N5-CAIR by class I PurE.
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’ABBREVIATIONS

AIR, 5-aminoimidazole ribonucleotide; CAIR, 4-carboxy-AIR;
N5-CAIR, N5-carboxy-AIR; PAICS, PurC�PurE fusion protein;
AaPurE, class I PurE from A. aceti; EcPurE, class I PurE from
E. coli; ChickE, class II PurE domain from chicken PAICS;
TdPurE, class II PurE from T. denticola; NJ, neighbor-joining;
ML, maximum likelihood; [CO2]T, total [CO2 þ HCO3

�];
PEP, phosphoenolpyruvate;MES, 2-(N-morpholino)ethanesul-
fonic acid;CrP, creatine phosphate; CK, creatine kinase; isoCAIR,

Figure 9. Working hypothesis for the mechanism of TdPurE, drawn in
the CAIR f AIR direction. The numbered CAIR molecule is the
presumptive major species at neutral pH. This depiction highlights the
essential role of His40 (the likely origin of pK2 for both PurE classes).
The left-hand sequence is the full class II reaction and is analogous to the
first half-reaction performed by class I PurEs. (In class I PurEs, the CO2

is retained for the synthesis of N5-CAIR in a second half-reaction that is
not shown.) In the right-hand sequence, pK1 corresponds to AIR N3
protonation and reversal of the polarity of the N3�Ser38 hydrogen
bond. The kcat acidic-arm pK1 values for class I AaPurE and EcPurE (5.1
and 5.9, respectively) are comparable to that for TdPurE (5.7) and the
CAIR N3 pKa. The AIR nitrogen ylide (yAIR, box) is one possible
intermediate in the low-pH series. Concerted protonation and decar-
boxylation is also a possibility.
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(4R)-carboxy-5-iminoimidazoline ribonucleotide; yAIR, nitrogen
ylide form of AIR.
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