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Pyridoxal 5�-phosphate (PLP)-dependent basic amino acid
decarboxylases from the �/�-barrel-fold class (group IV) exist
in most organisms and catalyze the decarboxylation of diverse
substrates, essential for polyamine and lysine biosynthesis.
Herein we describe the first x-ray structure determination of
bacterial biosynthetic arginine decarboxylase (ADC) and car-
boxynorspermidine decarboxylase (CANSDC) to 2.3- and 2.0-Å
resolution, solved as product complexes with agmatine and nor-
spermidine. Despite low overall sequence identity, the mono-
meric and dimeric structures are similar to other enzymes in the
family, with the active sites formed between the �/�-barrel
domain of one subunit and the �-barrel of the other. ADC con-
tains both a unique interdomain insertion (4-helical bundle)
and a C-terminal extension (3-helical bundle) and it packs as a
tetramer in the asymmetric unit with the insertions forming
part of the dimer and tetramer interfaces. Analytical ultracen-
trifugation studies confirmed that theADC solution structure is
a tetramer. Specificity for different basic amino acids appears to
arise primarily from changes in the position of, and amino acid
replacements in, a helix in the�-barrel domainwe refer to as the
“specificity helix.” Additionally, in CANSDC a key acidic resi-
due that interacts with the distal amino group of other sub-
strates is replaced by Leu314, which interacts with the aliphatic
portion of norspermidine. Neither product, agmatine in ADC
nor norspermidine in CANSDC, form a Schiff base to pyridoxal
5�-phosphate, suggesting that the product complexes may pro-
mote product release by slowing the back reaction. These stud-
ies provide insight into the structural basis for the evolution of
novel function within a common structural-fold.

Studies of large protein families with variable function pro-
vide a mechanism to gain insight into structure/activity rela-

tionships in proteins. Approaches to define functionally im-
portant residues rely on both three-dimensional structure
determination and on sequence-based methods that utilize
the evolutionary blueprint as a guide (1, 2). The �/�-barrel-
fold basic amino acid decarboxylase family (group IV pyri-
doxal 5�-phosphate (PLP)2 enzymes (3)) provides an excel-
lent model to study the evolution of substrate specificity within
a conserved structural fold-type. This family of PLP-dependent
enzymes functions on a broad range of basic amino acid sub-
strates required for polyamine biosynthesis (L-ornithine, L-ar-
ginine, L-lysine, carboxynorspermidine, and carboxyspermi-
dine) in both eukaryotes and bacteria (ODC, ADC, L/ODC,
CANSDC), and lysine biosynthesis (meso-diaminopimelate)
(DAPDC) in bacteria and archaea (4) (Table 1 and Fig. 1).
These enzymes play key roles in the primary metabolism in
both eukaryotic and bacterial cells.
Phylogenetic analysis shows that eukaryotic and bacterial

ODCs and L/ODCs are the most closely related, whereas bac-
terial/plant ADCs, DAPDCs, and CANSDCs have significantly
diverged, and share only �15% overall sequence identity with
each other and with ODC (5). Paramecium bursaria chlorella
virus ADC (PBCVADC) is an exception sharing high sequence
similarity (�40%) with the eukaryotic ODCs but preferring
L-Arg as substrate (6, 7). Some bacteria also contain aspartate
aminotransferase fold-type decarboxylases that are involved in
polyamine biosynthesis, but these enzymes are structurally
unrelated to the �/�-barrel-fold basic amino acid decarboxl-
yase family and are restricted to activity on L-Orn, L-Lys, and
L-Arg (8, 9).

Polyamines are necessary for cell growth, leading to thera-
peutic utility of pathway inhibitors; DL-�-difluoromethylorni-
thine, an irreversible inhibitor of ODC, cures African sleeping
sickness (10). Polyamines play important roles in the cell cycle
and cancer (11) and in bacteria they have been implicated
in biofilm formation and motility (12–14). Norspermidine
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(NSpd), a polyamine analog absent in most eukaryotic cells,
is required for vibriobactin biosynthesis, a peptide iron-che-
lator needed for growth and virulence in Vibrio species (15).

CANSDC provides the only route to spermidine andNSpd bio-
synthesis inVibrio (16) and deletion of the gene abolishes sper-
midine and NSpd intracellular pools leading to defects in bio-
film formation (13).
The x-ray structures of several eukaryotic ODCs (17–22), of

PBCVADC (6), Vibrio vulnificus L/ODC (VvL/ODC) (5), and
several bacterial DAPDCs have been reported (23, 24). Com-
parison of the available structures identified the helix (termed
“specificity helix”) (Fig. 2), which sits at the back of the sub-
strate-binding site at the 2-fold axis of the dimer, as a key spec-
ificity element (5, 6). Substrates of different size are accommo-
dated by changes in the distance from this helix to PLP, whereas
variation in its amino acid composition provides specificity of
interaction with the range of substrates.
Two functional classes within the family, however, remain

structurally uncharacterized, including bacterial/plant ADC
and CANSDC. The bacterial ADCs contain a long insertion
between the N-terminal �/�-barrel domain and a C-terminal
�-barrel domain, both of which are novel within the family, and
the function of which was unknown. Furthermore, the struc-
tural basis for substrate specificity in the bacterial ADCs cannot
be deduced by sequence analysis alone. Determination of the
x-ray structure of a bacterial ADC has been of long standing
interest as evidenced by the number of crystallization reports
that have been published (25–28). Despite this significant
effort, solution of the structure remained elusive until now.
CANSDC catalyzes the decarboxylation of carboxynorspermi-
dine and carboxyspermidine, both substrates are considerably
larger than the substrates utilized by other enzymes in the fam-
ily, and structural data are needed to elucidate how the enzyme
accommodates these larger substrates.
Herein we report the first x-ray structure determination of

the two remaining functional enzyme types in the�/�-barrel-fold
basic amino acid decarboxlyase family: bacterial ADC (V. vulnifi-
cus; VvADC) and bacterial CANSDC (Campylobacter jejuni;
CjCANSDC). These studies round out the structural analysis of
the five characterized substrate specificity types (Table 1) in the
�/�-barrel decarboxylase-fold. Taken together with previous
structural analysis of enzymes from this family, these studies pro-
vide a comprehensive example of how enzymes evolve to generate
novel function through gene duplication and divergence.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification of CjCANSDC and
VvADC—The gene for CjCANSDC
was cloned from C. jejuni 81116 by
PCR using genomic DNA as the
template followed by cloning into
the pET100 expression vector. The
original clone of CjCANSDC con-
tained a spontaneous single nucleo-
tide mutation at amino acid residue
184 resulting in Glu (GAA) to Lys
(AAA)mutation. Thismutationwas
not observed in any other sequenced
strain of CjCANSDC and led to loss
of activity. Lys184 was mutated to
Glu byQuikChangeTMmutagenesis

FIGURE 1. Chemical structures of basic amino acid decarboxylase
substrates. CANS, carboxynorspermidine; CAS, carboxyspermidine; DAP,
diaminopimelate.

FIGURE 2. Structure based sequence alignment of the �/�-barrel-fold basic amino acid decarboxylases
in the region of the specificity helix (�18 in VvADC and �11 in CjCANSDC). VvADC, V. vulnificus BAC94750;
TbODC, T. brucei AAA30218; PBCVADC, chlorella virus PBCV-1 ADC; NP_048554; VvL/ODC, V. vulnificus
NP_762948; CjCANSDC, C. jejuni AAW36121; MjDAPDC, M. jannaschii NP_248090. A more complete alignment
of representative sequences from the family has been previously published as supplemental data in Ref. 5.
�-Sheets are highlighted in blue, �-helices are highlighted in red, and 310-helices are highlighted in green. The
position of the specificity helix is indicated by the black bar. The key amino acids involved in substrate binding
that project from this element into the active site are underlined.

TABLE 1
�/�-Barrel-fold basic amino acid decarboxylases

Enzyme Species range

Ornithine decarboxylase (ODC) Eukaryotes and mainly �-proteobacteria
Arginine decarboxylase (ADC) Plants, Gram negative bacteria,

P. bursaria chlorella virus
Dual-specificity Lysine/ornithine
decarboxylase (L/ODC)

Limited and sporadic in bacteria

Diaminopimelate decarboxylase
(DAPDC)

Bacteria, euryarchaeotes, plants

Carboxynorspermidine
decarboxylase (CANSDC)

Bacteria
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(5�-gctgttttaaaggtctttgaagagaaatttggtaaatgg-3�) and the cor-
rected clone was used for further study including kinetic anal-
ysis and protein crystallization. The pET-22b expression vector
for V. vulnificus CMCP6 arginine decarboxylase (VvADC) was
previously described (5).
Native proteins of CjCANSDC and VvADC were over-

expressed in Escherichia coli BL21(DE3) and purified using
Ni2�-affinity and gel filtration chromatography as previ-
ously described (5). Selenomethionine (SeMet) derivatives of
CjCANSDC and VvADC were expressed in E. coli BL21(DE3)
using the Met pathway inhibition method as previously
described (29). Cells were grown in M9 minimal medium con-
taining 100 �g/ml of ampicillin at 37 °C until A600 nm reached
0.6–0.7. Cells were induced with 200 �M isopropyl 1-thio-�-D-
galactopyranoside at room temperature for 4 h after the addi-
tion of SeMet stock solution (Athena Enzyme Systems, Balti-
more, MD) and the feedback inhibition amino acids (100
mg/liter each of L-Thr, L-Lys, and L-Phe, and 50mg/liter each of
L-Leu, L-Ile, and L-Val). Harvested cells were lysed and proteins
were purified as above in the presence of 20 mM dithiothreitol.
ESI-MS analysis of the purified proteins (Protein Technology
Center, UT Southwestern Medical Center) revealed that all
Met sites in each protein (14 sites in VvADC and 13 sites in
CjCANSDC) were replaced with SeMet (data not shown).
Synthesis of Carboxynorspermidine and Carboxyspermidine—

Substrates were synthesized previously as described (13).
Steady-state Kinetic Analysis of CjCANSDC—Steady-state

kinetic analysiswas performedutilizing a coupled enzyme assay
that links decarboxylation to the oxidation of NADH through
the activity of phosphoenolpyruvate carboxylase and malate
dehydrogenase as previously described (13). Data were fitted to
theMichaelis-Menten equation to determine kcat andKm using
Prism (GraphPad).

Crystallization and X-ray Diffraction Data Collection—
SeMet-substituted crystals of CjCANSDC were co-crystallized
with 10mMNSpd in hanging drops containing 1.5 �l of protein
(20 mg/ml in 50 mM HEPES, pH 8.0, 300 mM NaCl, 10% glyc-
erol, 20 mM dithiothreitol, 0.03% Brij, and 0.5 mM EDTA) and
1.5 �l of reservoir solution (2.75 M AmSO4, 0.1 M Bicine, pH
8.5). Rod shape crystals appeared after 4–5 days at 20 °C and
grew to 80 �m thick � 600 �m long by 2 weeks. Crystals were
cryoprotected in 2.7 MAmSO4, 0.1 MBicine, pH 8.5, 0.3 MNaCl,
and 17% glycerol and flash frozen in liquid nitrogen. SAD data
were collected at beamline 19ID of Advanced Photon Source.
Crystals of SeMet-substituted CjCANSDC exhibited the sym-
metry of space group P43212 with unit cell parameters of a �
b � 144.2 Å and c � 79.9 Å. They contained two molecules per
asymmetric unit and diffracted isotropically to a dmin of 1.9 Å
when exposed to synchrotron radiation.
SeMet-derivative crystals of VvADC were co-crystallized

with 5 mM L-Arg in sitting drops containing 2 �l of protein (2.5
mg/ml in 50mMHEPES, pH 7.5, 300mMNaCl, 10% glycerol, 20
mM dithiothreitol, 0.03% Brij, and 0.5 mM EDTA), 2 �l of res-
ervoir solution (0.1 M HEPES, pH 7.0, 0.2 M MgCl2, 12% PEG-
4000), and 0.4 �l of 1 M NaI. Crystals were cryoprotected in 0.1
MHEPES, pH 7.5, 0.2 MMgCl2, 15% PEG-4000, 0.1 M NaI, 0.3 M

NaCl, and 25% glycerol. Crystals of SeMet-substituted VvADC
exhibited the symmetry of space group P21 with unit cell
parameters of a � 101.6 Å, b � 119.4 Å, c � 121.8 Å, and � �
96.3°, contained fourmolecules ofVvADC per asymmetric unit
and diffracted isotropically to a dmin of 2.30 Å when exposed to
synchrotron radiation. Data were indexed, integrated, and
scaled using the HKL-3000 program package (30). Data collec-
tion statistics are provided in Table 2.
Phase Determination and Structure Refinement—Phases

for SeMet-substituted CANSDC were obtained from a single

TABLE 2
Data collection, phasing, and refinement statistics for CjCANSDC and VvADC structures
Data for the outermost shell are given in parentheses.

Data collection
Crystal CANSDC SeMeta peak VvADC SeMeta peak
Energy (eV) 12,659.6 12,659.9
Space group P43212 P21
Unit cell dimensions a � b � 144.5Å, c � 79.9Å a � 101.6 Å, b � 119.4 Å, c � 121.8 Å

� � � � � � 90° � � 90°, � � 96.3°, � � 90°
Resolution (Å) 41.2-2.00 (2.03-2.00) 49.7-2.30 (2.34-2.30)
Unique reflections 57,401 (2,800) 127,349 (6.302)
Redundancy 7.1 (7.0) 4.6 (4.6)
Data completeness (%) 100.0 (100.0) 100.0 (100.0)
Rmerge (%)b 13.6 (98.0) 12.7 (88.8)
I/�(I) 21.8 (2.4) 17.4 (2.1)

Phase determination
Anomalous scatterers (Se) 17 out of 18 possible sites 52 out of 56 possible sites
Figure of merit 0.24 0.13

Refinement statistics
Resolution range (Å) 102.0–1.9 (1.95–1.90) 121.1–2.30 (2.36–2.30)
Unique reflections 66,670 (4,761) 128,245 (7,954)
Data completeness (%) 99.8 (98.2) 98.8 (98.0)
Atoms (protein/PLP/water/other) 5,890/30/385/21 20,053/60/443/36
Rwork (%) 17.9 (26.3) 17.8 (24.9)
Rfree (%) 21.8 (34.1) 23.9 (32.5)
R.m.s.d. bond length (Å) 0.02 0.02
R.m.s.d. bond angle (°) 1.82 1.83
Ramachandran plot (%) (favored/additional)c 97.5/2.5 97.6/2.4

a Bijvoet-pairs were kept separate for data processing.
bRmerge � 100 �h�i�Ih,i — �Ih�/�h�iIh,i, where the outer sum (h) is over the unique reflections and the inner sum (i) is over the set of independent observations of each unique
reflection.

c As defined by the validation suite MolProbity (51).
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wavelength anomalous dispersion experiment with data to a
resolution of 1.9 Å, and 17 selenium sites were located using the
program SHELXD (31). Phases were refined with the program
MLPHARE (32), resulting in an overall figure-of-merit of 0.24
for data between 44.7 and 1.9 Å. Phases were further improved
by density modification and 2-fold non-crystallographic aver-
agingwith the programDM(33). An initialmodelwas automat-
ically generated by ARP/wARP (34) and additional residues
were manually modeled in Coot (35). Refinement was per-
formed to a resolution of 1.9 Å using the program Refmac (36)
with a random 5% of all data set aside for an Rfree calculation.
The structure was refined to a Rwork of 0.179 and a Rfree of 0.218
(Table 2). The finalmodel contains twoCjCANSDCmonomers
in the asymmetric unit; molecule A includes residues 2–129,
140–382, PLP, and NSpd, and whereas molecule B contains
residues 6–129, 140–382, and PLP. Both subunits also contain
a bound glycerol. The final refined structure contains 385
waters. A Ramachandran plot generated with Molprobity indi-
cated that 97.5% of all protein residues are in the most favored
regions with the remaining 2.5% in allowed regions.
Phases for SeMet-substituted VvADC were obtained from

a single-wavelength anomalous dispersion experiment with
data to a resolution of 2.3 Å, and 52 selenium sites were
located using the program SHELXD. Phases were refined with
the programMLPHARE, resulting in an overall figure-of-merit
of 0.13 for data between 49.7 and 2.3 Å. Phases were further
improved by density modification and 4-fold non-crystallo-
graphic averaging with the programDM. An initial model con-
taining �91% of all residues was automatically generated by
alternating cycles of the programsARP/wARP. Refinement to a
resolution of 2.3 Åwas performed as described forCjCANSDC,
except that the 2-fold non-crystallographic restraints on the
protein main chain were applied between the A to C subunit
andB toD subunit. The finalRwork is 0.178, and theRfree is 0.239
(Table 2). The final model contains four VvADC monomers in
the asymmetric unit and a PLP and the product of L-Arg decar-
boxylation, agmatine, bound to each monomer; including resi-
dues 10–639, in molecule A; residues 11–639, molecule B and
D; residues 12–639 in molecule C; and 440 waters. A Ram-
achandran plot generatedwithMolprobity indicated that 97.6%
of all protein residues are in the most favored regions with the
remaining 2.4% in allowed regions. Phasing and model refine-
ment statistics are provided in Table 2.
Molecular Modeling—Structures were displayed using the

graphics program PyMol (52). Buried surface area was calcu-
lated by “Define secondary structure of proteins” analysis (37).
Structures were superimposed by alignment of 4 �-strands and
2�-helixes located in themost conserved part of the�/�-barrel
domain using LSQKab (38) as follows: CjCANSDC (subunit A
and B) residues 233–239, 199–202, and 340–342; VvADC
(subunit A and B) residues 343–349, 292–295, and 549–551;
TrypanosomabruceiODC (TbODC) (PDBcode 1F3T) (subunit
C and D), residues 274–280, 234–237, and 387–389; andMeth-
anocaldococcus jannaschii DAPDC (MjDAPDC) (PDB code
1TWI) (subunitA andB) residues 305–311, 261–264, and 399–
401. The r.m.s. deviation was calculated over the monomer for
the backbone atoms only. R.m.s. deviation values were calcu-
lated for the superimposed structures based on theC� positions

using LSQMAN (39, 40) and Moleman2 (41) was used to
manipulate the PDB files before the analysis. Software was
obtained from the Uppsala Software Factory. Values are as
follows:VvADC to TbODC, 3.1 Å;CjCANSDC toTbODC, 2.7
Å; VvADC to CjCANSDC, 3.0 Å; VvADC toMjDAPDC, 3.2 Å;
CjCANSDC toMjDAPDC, 2.4 Å.
Multisequence Alignment—The amino acid sequences of

VvADC and CjCANSDC were aligned with other sequences in
the family for which x-ray structural data are available, includ-
ing a representative of each substrate specificity type: TbODC
(PDB code 1F3T), PBCVADC (PDB code 2NVA), VvL/ODC
(PDB code 2PLK),MjDAPDC (PDB code 1TWI). The sequence
alignment was generated from the x-ray structure alignment
using the programPROMALS3D (42, 43). The secondary struc-
ture elements were then annotated using PDBsum (44).
AnalyticalUltracentrifugation—Sedimentationvelocity ex-

periments were performed using a BeckmanOptimaXL-1 with
An-50Ti rotor, charcoal-filled dual sector centerpiece, and sap-
phire windows. The wavelength of the absorbance optics was
set at 280. Experiments were performed at 45,000 rpm and at
20 °C. Three data set were collected using 3VvADC concentra-
tions (0.1, 0.4, and 0.8 OD280, respectively), 1 OD280 � 0.93
mg/ml in buffer (50 mM HEPES, pH 7.8, 150 mM NaCl, 1 mM

tris(2-carboxyethyl)phosphine), and a total volume per cell of
0.4ml.Datawere analyzed using SEDFIT software to determine
the oligomeric structure as described (45). Solvent density
(1.0083 g/ml), partial specific volume (0.7324ml/g), and viscos-
ity (0.010473 g/s/cm) were calculated using the SEDNTERP
program.

RESULTS

Purification and Kinetic Analysis of VvADC and CjCANSDC—
VvADC and CjCANSDC were expressed and purified from
E. coli as described under “Experimental Procedures.” Steady-
state kinetic analysis of VvADC was described previously (5).
Steady-state kinetic analysis for CjCANSDC was performed
using both carboxyspermidine (Km � 4.1� 0.36mM and kcat �
0.24 � 0.0077 s	1) and carboxynorspermidine (CANS) (Km �
2.1 � 0.13 mM and kcat � 0.58 � 0.013 s	1) as substrates.
CjCANDChas similar activity on bothCANS and carboxysper-
midine, whereas VvCANSDC has evolved as higher activity on
CANS (13). This is consistent with the cellular requirement for
both norspermidine and spermidine in Vibrio species (13).
Crystallization and Structural Refinement of VvADC and

CjCANSD—VvADCwas crystallized in the presence of the sub-
strate L-Arg, and the structure was refined to 2.30-Å resolution
(Table 2). A tetramer was observed in the asymmetric unit and
the final refined structure contains 1 molecule of PLP and 1
molecule of the product agmatine per subunit (Figs. 3–5). Non-
crystallographic symmetry was constrained along the 2-fold
dimers for the main chain during the refinement. Small differ-
ences in the subunits are observed in the position of the bound
agmatine.
CjCANSDC was co-crystallized in the presence of the prod-

uct NSpd, and the structure was refined to 1.9-Å resolution
(Table 2). A dimer was observed in the asymmetric unit and the
final refined structure contained 1molecule of PLP per subunit,
and amolecule of NSpd was found in one of the two active sites
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(Figs. 3 and 4). Additionally, a molecule of glycerol used in the
crystallization buffer was observed in both subunits.
Overall Fold and Oligomeric Structure of VvADC—The struc-

ture of the VvADC monomer is similar to that observed for
other members of the �/�-barrel-fold decarboxylase family,
and it contains both the�/�-barrelN-terminal domain, and the
C-terminal �-barrel domain observed in the other structures
(Fig. 3A). Structural alignment with T. brucei ODC shows a
r.m.s. deviation of 3.1 Å for the monomer. No significant
domain rotations are observed. However, in addition to the
core conserved domains, VvADC contains three unique inser-
tions: 1) the N-terminal residues (Val14–Gln49) form a broken
helix, followed by a 2-stranded anti-parallel �-sheet, 2) the
interdomain extension (residues Lys366–Glu462) forms a right-
handed superhelix composed of a 4-helix bundle, and 3) the C
terminus (Val589–Glu638), which extends beyond that observed
in T. bruceiODC, forms a 3-helical bundle, with all helices in a
single plane (Fig. 3A).
The oligomeric unit required for activity is the dimer (AB or

CD dimer in Fig. 4A) and the active site is formed as previously
observed forODCat the subunit and domain boundaries. Pack-
ing of the active dimer unit is similar to what has been previ-
ously observed for this fold type. The dimer interface of theA/B
or C/D subunits sits between the N-terminal �/�-barrel
domain of one subunit, the C-terminal �-barrel domain of the
second subunit, and the �17-�20 helices and loop region com-
posed of residues 555–560 from the �-barrel domains of the
two subunits. Two additional interfaces are observed in the
ADC dimer that have not been previously observed in enzymes
from this fold type: 1) the 4-helical bundle interdomain exten-
sion interacts (helices�14 and�15)with the�/�-barrel domain
of the opposite subunit (helices �9 and �11), and the C-termi-

nal extension 3-helical bundle (hel-
ices �22 and �23) interacts with the
�/�-barrel domain (helices �6 and
�7) of the opposite subunit, but on
the opposite face from the 4-helical
bundle. These two unique helical
bundles form a cradle around the
�/�-barrel of the opposite subunit.
This results in a large buried surface
area for the dimer of 12,300 Å2 per
dimer (6,180 Å2 per monomer).

Within the asymmetric unit
VvADC packs as a tetramer of two
active dimer units (Fig. 5). The in-
terface between the twodimers con-
tains residues from all 4 subunits.
They are arranged such that the 4
helical bundles from the interdo-
main extension of monomers B and
D (or A and C for the symmetry
related pair) are in direct contact
with each other over a short region
of helix �14. They in turn sit
between the two �/�-barrel do-
mains from monomers A and C (or
B and D) (interacting with helices

�9-�11) allowing the formation of an extensive packing inter-
action. The tetramer is packed as a donut with a large central
cavity. The four active sites point into that cavitywith the 4-hel-
ical bundles packed around the cavity. The additional buried
surface area that occurs by formation of the dimer-dimer inter-
face (tetramer) is 7,370 Å2 (3,680 Å2 buried surface area per
dimer).
Sedimentation velocity analysis of VvADCwas performed at

three concentrations of enzyme. The calculated molecular
mass of the VvADC monomer is 73,558 Da. In solution, the
molecularmass determined by the sedimentation velocity anal-
ysis was on average 280 � 27 kDa for data collected at three
protein concentrations in the range of 0.1, 0.4, and 0.8 OD
(supplemental Fig. 3S). These data are consistent with the tet-
ramer being the dominant solution form for VvADC. A slight
amount of dissociation to the dimer (
10%) was evident from
the data, but this species was not present in sufficient amounts
for quantitation.
Active Site of VvADC—The VvADC crystals were grown in

the presence of the substrate L-Arg, and good density (Fo 	 Fc
map) was observed for the decarboxylated product agmatine
before refinement (supplemental Fig. 1S). Strong electron den-
sity was also observed for PLP in all four subunits.
PLP-binding Site of VvADC—The PLP-binding site is formed

between the end of �-strands �10 and �11 and helix �12 of the
�/�-barrel (Figs. 6A, 7A, and 8), and interactions between PLP
and the protein are largely conserved in comparison with other
enzymes from the family (Fig. 2 and supplemental Fig. S2).
VvADC-Lys105 (TbODC-Lys69) is the catalytic Lys that forms a
Schiff base with PLP, and which has been implicated in accel-
erating the rates of substrate binding, decarboxylation, and
product release in TbODC (46). VvADC-His255 (TbODC-

FIGURE 3. Ribbon diagram of VvADC and CjCANSDC monomers. A, VvADC monomer (purple) superimposed
with TbODC (tan). B, CjCANSDC monomer (teal) superimposed with TbODC (tan). The �-helices and �-strands
are labeled for VvADC and CjCANSDC and correspond to the numbers shown in supplemental Fig. S2. The
T. brucei ODC structure is complexed with putrescine (Put).
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His196) stacks against the PLP ring, VvADC-Arg205 (TbODC-
Arg154) forms an interaction with the hydroxyl of PLP through
an ordered water molecule (water 272), and VvADC-Glu343

(TbODC-Glu270) forms a short H-bond with the pyridine ni-
trogen of PLP (Glu343). The phosphate oxygens of PLP form
interactions with VvADC-Arg346 (TbODC-Arg277), VvADC-
Tyr551 (TbODC-Tyr389), and the backbone of VvADC-Gly295
(TbODC-Gly237). In theODC structuresTbODC-Arg277 forms
a salt bridge with TbODC-Asp332, a key substrate specificity
determinant. Because of the change in the position of the spec-
ificity helix (�18) in VvADC this interaction is not preserved.
Instead the equivalent Arg residue (VvADC-Arg346) forms an
H-bond with Tyr300 (2.9 Å). TbODC-Asp88, which forms an
interaction withTbODC-Lys69 in the ligand bound structure of
TbODC is replaced with VvADC-Glu131, which presumably
functions in the same role. The mobile surface loop that was
observed to cover the substrate-binding site in PBCVADC (res-
idues 135–152) (6) is in the open conformation inVvADC (res-
idues 211–225).
VvADC Agmatine-binding Site—The substrate-binding site

lies between the �/�-barrel domain on one subunit, which
encompasses the PLP-binding site, the interdomain region of
this same subunit, which contains helix �18 (found in the same
position as the previously described 310-helix or “specificity ele-
ment” (5, 6)), and the C-terminal �-barrel from the opposite
subunit (Figs. 6A, 7A, and 8). Agmatine is observed in the sub-
strate-binding site but it does not form a Schiff base with PLP,
and represents a structure of the enzyme product Michaelis
complex. The substrate N1 is not within bonding distance of
the PLP C4� atom and thus the position of the substrate when
bound to PLP in the productive reaction complex will mini-
mally require bond rotations in the ligand to bring the N1 atom
into bonding distance of the PLP cofactor. Within the �/�-
barrel subunit the guanidinium group of agmatine (NH1 and
NH2) forms a salt bridge interaction with VvADC-Asp480 in 2
of the 4 active sites (distance 3.5–4.5 Å depending on subunit),
and the wall of the binding pocket that runs down the length of
the aliphatic portion of the substrate is formed by VvADC-
Tyr551 (Tyr389 inTbODC). Additional interactions are contrib-
uted from across the subunit boundary:VvADC-Asp512 forms a
salt bridgewithNE of the substrate in 3 of 4 active sites (3.2–4.1
Å depending on the subunit), N1 of agmatine forms an H-bond
with Ser513, andVvADC-Asp514, whereas just outside of van der
Waals range, likely provides additional charge stabilization. All
three residues are invariant within the ADC enzymes that con-
tain the insertions (5). An acidic residue at position VvADC-
Asp512 is also conserved in ODC (TbODC-Asp361). The cata-
lytic base VvADC-Cys511 (TbODC-Cys360) is observed in the
down position pointing away from the ligand, but its position
preserves a similar potential to play a role in catalysis as
observed for TbODC (20). TbODC-Phe397, conserved in ODC
type enzymes and implicated in decarboxylation (19), is re-
placed by VvADC-His559 in the ADCs and TbODC-Tyr323 is
replaced by VvADC-Phe475, which sits further away from the
active site.
Overall Fold and Oligomeric Structure of CjCANSDC—The

monomer of CjCANSDC superimposes with TbODC with a
r.m.s. deviation of 2.7 Å, and again no significant domain
rotations were observed (Fig. 3B). CjCANSDC is a dimer
(Fig. 4B). The CjCANSDC sequence contains additional C-
terminal residues (residues Tyr375–Asn382) that extend

FIGURE 4. Ribbon diagram of VvADC and CjCANSDC dimers. The two VvADC
monomers are colored pink and purple, respectively, whereas the CjCANSDC
monomers are colored in light teal and teal. PLP (yellow), Agm (agmatine) (pink
and purple), and NSpd (teal) are shown as spheres. The N (N) and C (C) terminus of
each chain is labeled. Arrows indicate the position of the specificity helix.
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beyond the C-terminal domain of TbODC. This extension
forms a short �-helix (�12) that interacts to form part of the
dimer interface on the back side of the dimer (opposite face
from the active sites) (supplemental Fig. 4S). These helices in
turn interact with helix �3 of the �/�-barrel of the opposite
subunit to form a 4-helix stack, with helices alternating
between monomers. This generates an additional interface
between the monomeric subunits not observed in ODC or
ADC. The buried surface area upon dimerization is 7950 Å2

(3970 per monomer).

Active Site of CjCANSDC—Strong
electron density (Fo 	 Fc map) for
the PLP cofactor was observed
for both subunits of theCjCANSDC
structure and density for the co-
crystallized product (NSpd) was
present but only in subunit A (sup-
plemental Fig. 1S). The NSpd den-
sity is discontinuous but clearly
indicates the presence of the
ligand. In addition, density for
glycerol, a component of the crys-
tallization buffer, was observed in
both subunits in a solvent accessi-
ble channel adjacent to the distal
end (relative to PLP) of the ligand
binding site.
PLP-binding Site of CjCANSDC—

The PLP-binding site retains most
of the key contacts described for
VvADC (Figs. 6B and 7B): Lys41
forms a Schiff base with PLP, His166
stacks against the PLP ring, Glu66
(Glu94 in TbODC) forms anH-bond
with the �-amino group of Lys41,
Arg123 forms an H-bond with the
hydroxyl of PLP through a bound
water molecule, and Glu233 inter-
acts with the pyridine nitrogen of
PLP. The mobile surface loop (resi-
dues 130–139) is disordered in the
CjCANSDC structure.
Several unusual differences in

the CjCANSDC PLP-binding site
are present. First, TbODC-Arg277
(VvADC-Arg346) is replaced with
CjCANSDC-Glu236, which removes
the charge stabilization of the PLP-
phosphate that has been shown to
be important for PLP binding in
TbODC (47). Glu236 is mostly con-
served in CANSDC members of
the family, although in some species
this residue is replaced with Ser
(5). CjCANSDC-Glu236 is involved
in a H-bond network with His341
and Asp338. Although Asp338 is
conserved among the CANSDCs,

His341 is not (5). Second, Asp88 in TbODC is replaced with
Thr60 in CjCANSDC, which retains the potential to form an
H-bond to the catalytic Lys41 in the ligand bound structure,
although in this structure the hydroxyl group of Thr60 is not
oriented toward Lys41. Additionally because the ligand in
CjCANSDC is not observed in a Schiff base with PLP, Lys41
has not rotated to its substrate bound position, leaving open
the question of what additional residues may form interac-
tions with Lys41 when substrate is bound to PLP as a Schiff
base.

FIGURE 5. Ribbon diagram of VvADC tetramer. A, side view showing the �/�-barrel of subunits A and C and
the interdomain region of subunits B and D. The active dimer pairs are A/B (purple and pink) and C/D (teal and
light teal). B, top view showing the central hole around the entrance to the four active sites. PLP (yellow),
agmatine (pink and purple), and NSpd (light teal and teal) are shown as spheres.
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CjCANSDCNSpd-binding Site—NSpd is bound in the typical
substrate-binding site at the subunit interface between PLP and
helix �11, as described above for VvADC (Figs. 6B, 7B, and 8).
NSpd does not form a Schiff base with PLP and instead the
�-amino group is turned away from C4� of PLP and forms an
ion pair with Glu236. Thus as with the VvADC structure, the
Michaelis complex is observed. A rotation of the bound C2-C3
would bring the amino group into position to form a Schiff base
with PLP. The N3-amino group forms an ion pair with Asp272
from the specificity helix �11, with the bond distances being
short and consistentwith a strong interaction (OD2 toN3� 2.6

Å and OD1 to N3 � 3.3 Å). How-
ever, unlike all other substrate spec-
ificity types within the family,
CANSDC does not position an
acidic residue across the subunit
boundary to form a salt bridge with
the ligand (e.g. VvADC-Asp512 and
TbODCA-Asp361). The equivalent
residue inCjCANSDC is Leu314 and
this residue is conserved among the
CANSDCs (13). Both carboxynor-
spermidine and carboxyspermidine
have a 3-carbon linker between the
�-amino group and N2, which is 1
carbon shorter than observed for
other substrates in the family. The
positioning of the ligand within the
binding site places the aliphatic por-
tion of NSpd near Leu314, providing
structural insight into why an ali-
phatic residue in this position is
required instead of the acidic resi-
due typical of other enzymes in the
family. The adjacent catalytic base
from the same loop, Cys313
(TbODC-Cys360), is conserved and
is observed in the down position.
CjCANSDC Glycerol-binding site—

A glycerol molecule from the crys-
tallization solvent was observed
bound in a solvent accessible chan-
nel adjacent to the specificity helix
�11 (Figs. 2, 7B, and 9). The hy-
droxyl residues form H-bond in-
teractions with Asp272, Asp338, and
His341. This channel provides the
potential for a more extended sub-
strate-binding site than observed
for other enzymes in the family. The
second substrate of the enzyme, car-
boxyspermidine, is longer by 1 car-
bon than NSpd suggesting that the
extra chain length could be accom-
modated by turning into the chan-
nel occupied by glycerol in theNSpd
CANSDC structure.
Comparison of VvADC and

CjCANSDC toOtherMembers of the Family—Alignment of the
VvADC and CjCANSDC structures with prior x-ray structures
for enzymes in the family shows that the actives sites are highly
conserved, both in structure and composition (Figs. 7 and 8),
and indeed key residues in the active site overlay closely on
each other with PLP bound in near identical position in all
structures, despite the very low overall sequence identity
between members of the family. Within this context the
structural basis for specificity differenceswas evaluated to iden-
tify differences between the enzymes from the family. The pri-
mary structural change is observed in the specificity helix.

FIGURE 6. Stereo diagram of the active sites of VvADC and CjCANSDC. The figures show the 4-Å shell around
the PLP and bound product ligands. A, VvADC (purple) bound to PLP (yellow) and agmatine (green).
B, CjCANSDC (teal) bound to PLP (yellow) and NSpd (green). Residues are labeled to show the contribution from
the two monomers (A or B).
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In the VvADC and CjCANSDC structures the specificity
helix is shifted further back in the pocket when compared
with TbODC, which allows a larger distance between PLP
and the key acidic residue that contacts ligand (Figs. 6–8).
The acidic residues (VvADC-Asp480; helix �18) in VvADC and

CjCANSDC (CjCANSDC-Asp272; helix �11) form salt bridges
with the ligand project from the start of the specificity helix.
TbODC-Asp332 also projects from the equivalent helix but
originates from the C-terminal end of the helix (Figs. 2 and 8).
The change in register allows equivalent salt bond interactions
to be formed despite the larger distance between the helix and
PLP and accommodates ligands of different size. DAPDC is the
only enzyme that catalyzes decarboxylation of a dicarboxylate
substrate and the binding site of this enzyme has evolved to
stabilize the carboxylate onC5.However, the same strategy is in
play, and an arginine residue (Arg343) projects from the speci-
ficity helix from the N terminus of the helix to interact with the
C5-carboxylate, and Glu348 from the C terminus of the helix
interacts with substrate N2.
Across the domain boundary, differences that provide in-

sight into the substrate specificity spectrum in the family are
also observed. VvADC-Asp512 forms an equivalent interaction
with ligand to TbODC-Asp361. The position of VvADC-Asp512
has shifted away from the ligand-binding site allowing addi-
tional room to accommodate the larger agmatine. The equiva-
lent residue inCjCANSDC (Leu314) interacts with the aliphatic
portion of theNSpd ligand, accommodating the shorter carbon
skeleton betweenN1 andN3 for substrates that bindCANSDC.
InVvADCTbODC-Tyr331 is replaced withVvADC-Trp482 and
NE1 is withinH-bond distance of the NH2 of agmatine. In both
cases this residue projects from the specificity helix and forms

FIGURE 7. Active site comparison of VvADC and CjCANSDC to TbODC.
A limited set of residues within the 4-Å shell are displayed. A, comparison of
VvADC (monomer A (purple); monomer B (pink)) to TbODC (monomer A (tan);
monomer B (gray)). B, comparison of CjCANSDC (monomer A (teal); monomer
B (light teal)) to TbODC (monomer A (tan); monomer B (gray)). PLP (yellow for
ODC, purple for VvADC, and teal for CjCANSDC), putrescine (Put) (tan), agma-
tine (Agm) (purple), and NSpd (teal) are shown as ball and stick.

FIGURE 8. Specificity determinants in the active sites of enzyme from the
four major specificity classes. The substrate and PLP binding sites including
the specificity helix and key residues from the other subunit are shown,
VvADC (pink-purple), CjCANSDC (teal), TbODC (tan), and DAPDC (blue-purple).
PLP, agmatine (Agm), NSpd, putrescine (Put), and Lys are shown as ball and
stick.
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an interaction with its symmetry related partner from the other
subunit. However, the relationship to the active site structure is
reversed. In TbODC-Tyr331 from the same subunit the �/�-
barrel domain caps the active site, although it is not within van
der Waals contact with putrescine, and in VvADC-Trp482 is
contributed from the opposite subunit. This residue is replaced
with Ile275 in CANSDC, and like TbODC the residue from the
same subunit as the �/�-barrel is closest to the active site, but
its position on the helix does not allow for direct interaction
with ligand. Furthermore, this residue is not conserved within
theCANSDCs (5) and is unlikely to play a role in ligand binding.

DISCUSSION

The basic amino acid decarboxylases from the �/�-barrel-
fold family encompass enzymes with diverse substrate specific-
ity ranging from the smallest ligand L-Orn to the largest, car-
boxyspermidine. Members of the family are found in all three
domains of life, and play essential roles in amino acid metabo-
lism and polyamine biosynthesis (5, 13). Completion of the
ADC and CANSDC structures allows for the first time a com-
prehensive structural analysis of how substrate specificity has
evolvedwithin the fivemajor specificity types within the family.
These data provide significant insight into the structural basis
for the observed specificity differences and provide a powerful
example of how change of function evolves within the context
of a conserved structural domain.
Structural comparison of the major specificity classes in

the family (ODC, ADC, DAPDC, and CANSDC) shows that

the overall fold and active site
structure is strongly conserved,
despite low overall sequence iden-
tity (in the range of 15%). This
allows the active site structural ele-
ments controlling specificity to be
clearly identified. At the overall
structural level ODC, DAPDC, and
CANSDC appear to be most simi-
lar to each other with all three
sharing the same overall monomer
organization and dimeric structure.
ADC diverges most significantly and
has acquired significant additional
structural complexity augmenting
the basic monomeric structure.
Both the interdomain insertion
(4-helical bundle) and the extended
C terminus (3-helixal bundle) are
unique to ADC and these partici-
pate in interactions at the dimer
interface and in the formation of
the tetrameric structure observed
in the asymmetric unit. The addi-
tional interactions, and signifi-
cantly greater buried surface area,
formed at the dimer interface as the
result of these insertions suggests
the dimer may be more stable than
observed for shorter members of

the family that do not contain these features. The tetrameric
structure was shown to be the relevant solution species by sed-
imentation velocity analysis, suggesting that the tetramer may
play a unique role in the biology of the bacterial ADCs. All four
active sites are oriented within the central donut of the tet-
ramer, providing a potential mechanism for allosteric regula-
tion. These data provide the first example of a tetrameric struc-
ture within the fold class. A tetrameric donut-like structure of
Mycobacterium tuberculosis DAPDC was recently reported,
however, this tetramer displays a small surface area of interac-
tion (900 Å2 per dimer) that only involves 2 monomers (48) in
comparison to the VvADC tetramer that involves all 4 mono-
mers (3,680 Å2 buried surface area per dimer) in a more exten-
sive interaction. Furthermore, solution studies withmtDAPDC
were consistent with a dimeric structure.
The substrate specificity differences in the family are re-

flected in two key differences in the active site structures. The
first is the position and amino acid composition of the specific-
ity helix, which sits at the back of the active site. The distance
between the PLP cofactor and the key residues on this helix that
interact with substrate serves as a molecular ruler to restrict
catalysis to the basic amino acid ligand of the correct size. For
ODC,which has the shortest ligand, the helix is positioned clos-
est to PLP, whereas for ADC, CANSDC, and DAPDC the helix
has shifted away from PLP allowing accommodation of the
larger ligand (Fig. 8). The functional importance of the amino
acid residues that project from the helix to interact with the
substrate has been shown for both ODC and chlorella virus

FIGURE 9. Surface representation of CjCANSDC showing the ligand-binding sites. NSpd (pink), PLP (yellow),
and glycerol (orange) are displayed as spheres. The surface was generated against the full protein minus the
ligands (PLP and NSpd). The side chain of Lys41 was also removed before the surface was generated to allow the
PLP to be more visible.
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ADC, where mutation of TbODC-Asp332 to Glu increases the
Km for L-Orn by 20-fold, andmutation of the equivalent residue
in chlorella virus ADC increases the Km by 10-fold, whereas
decreasing kcat by 100-fold (7).

The second specificity determinant is contributed from
residues across the domain boundary on the loop that also
hosts the key catalytic base (e.g. TbODC-Cys360) (20). For
ODC, ADC, and DAPDC, an acidic residue is positioned from
this loop to interact with the distal amino group of the ligand. In
ODC, mutation of TbODC-Asp332 to Glu or Ala increases the
Km for L-Orn by 100–1000-fold, respectively, demonstrating
the functional importance of the interaction (49). However, the
CANSDC structure reveals the first example in the family
where this residue is replaced by a hydrophobic amino acid
(CjCANSDC-Leu314), and this change allows interaction with
the aliphatic portion of the substrate because of the change in
register due to the shorter carbon backbone found between N1
and N2 of the carboxyspermidine and carboxynorspermidine
substrates, in comparison to other enzymes in the family.
Although the overall structure diverges most for the large

ADCs, the active site composition is most different for
CANSDC. ODC and ADC retain almost all of the same key
catalytic residues, whereas for CANSDC, in addition to the
substitution of Leu314 for an acidic residue, the residue inter-
acting with the phosphate of PLP has also diverged (Glu or Ser
at position 236 replacesTbODC-Arg277, and equivalent inADC
and DAPDC). This is at first a surprising change in active site
structure given the demonstration that TbODC-Arg277 is
necessary for high affinity PLP binding (47). However,
CjCANSDC-Glu236 is involved in an extensive H-bonding net-
work that may mitigate the charge replacement and provide an
alternative mechanism to stabilize the PLP phosphate moiety.
An open question remains as to how CANSDC accommo-

dates the larger carboxyspermidine substrate. The observation
of a solvent accessible channel that binds glycerol in the
CjCANSDC-NSpd structure suggests that the longer substrate
could be accommodated by extending into this channel. The
interaction between N3 and Asp272 could potentially be pre-
served, and additionallyAsp338, which interactswith glycerol, is
conserved throughout the CANSDC enzymes (5) and could
potentially form another interaction point for N3 of the longer
carboxyspermidine substrate.
The ligands bound to theVvADCandCjCANSDC structures

are not found in the typical Schiff base configuration with PLP
that has been observed in most of the structures of other
enzymes in the family. Both appear to be representatives of the
Michaelis complex between enzyme and product. The N1
group of both ligands forms anH-bond interaction in the active
site: N1 of agmatine interacts with Ser513 in VvADC, whereas
the NSpd N1 of CjCANSDC interacts with Glu236. These data
suggest that after decarboxylation these interactions may help
to facilitate product release and dissociation away from PLP.
As all polyamine biosynthetic pathways have evolved from

amino acid metabolism, it is likely that ADC, ODC, and
CANSDC evolved from the lysine biosynthetic enzyme DAPDC
by gene duplication and functional divergence. This idea is also
supported by the fact thatDAPDC is found inmost bacteria and
euryarcheaota, whereas ADC, although widespread in bacteria,

is not found in single-membrane bacteria (Firmicutes andActi-
nobacteria) or archaea (5). An important aspect of the evolution
ofADCwas the four-helical bundle interdomain insertion, rais-
ing the possibility of an ancestral form of ADC lacking the
insertion.Within bacteria and archaea, ODC is foundmainly in
the �-proteobacteria, which suggests that the eukaryotic ODC
may have originated from the �-proteobacterial ancestor of the
mitochondrion.Gene duplication not only led to diversification
of polyamine biosynthesis, from L-Arg and L-Orn by ADC and
ODC but also led to elongation of the pathway, in the case of
CANSDC. The viral PBCVADC evolved relatively recently
fromODC (6, 7), and in vertebrates, antizyme inhibitor, a poly-
amine regulatory protein, evolved by gene duplication of ODC
followed by loss of catalytic activity, whichwas accompanied by
loss of dimer formation (50). This family of decarboxylases
exemplifies the evolutionary processes sculpting metabolism
by elaboration of a single structural fold through gene duplica-
tion and functional divergence to produce biosynthetic diversi-
fication, pathway elongation, and the formation of regulatory
proteins.
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