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Abstract
Type II hyperprolinemia is an autosomal recessive disorder caused by a deficiency in Δ1-
pyrroline-5-carboxylate dehydrogenase (P5CDH, aka ALDH4A1), the aldehyde dehydrogenase
that catalyzes the oxidation of glutamate semialdehyde to glutamate. Here we report the first
structure of human P5CDH and investigate the impact of the hyperprolinemia-associated mutation
of Ser352 to Leu on the structure and catalytic properties of the enzyme. The 2.5 Å resolution
crystal structure of human P5CDH was determined using experimental phasing. Structures of the
mutant enzymes S352A (2.4 Å) and S352L (2.85 Å) were determined to elucidate the structural
consequences of altering Ser352. Structures of the 93%-identical mouse P5CDH complexed with
sulfate ion (1.3 Å resolution), glutamate (1.5 Å), and NAD+ (1.5 Å) were determined to obtain
high resolution views of the active site. Together, the structures show that Ser352 occupies a
hydrophilic pocket and is connected via water-mediated hydrogen bonds to catalytic Cys348.
Mutation of Ser352 to Leu is shown to abolish catalytic activity and eliminate NAD+ binding.
Analysis of the S352A mutant shows that these functional defects are caused by the introduction
of the nonpolar Leu352 side chain rather than the removal of the Ser352 hydroxyl. The S352L
structure shows that the mutation induces a dramatic 8-Å rearrangement of the catalytic loop.
Because of this conformational change, Ser349 is not positioned to interact with the aldehyde
substrate, conserved Glu447 is no longer poised to bind NAD+, and Cys348 faces the wrong
direction for nucleophilic attack. These structural alterations render the enzyme inactive.
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Introduction
The enzyme Δ1-pyrroline-5-carboxylate (P5C) dehydrogenase (P5CDH, EC 1.5.1.12) is a
nuclear-encoded mitochondrial matrix protein that catalyzes the final step of proline
catabolism (Fig. 1, upper reactions).1 Despite its name, P5CDH is an aldehyde
dehydrogenase (ALDH); it catalyzes the NAD+-dependent oxidation of L-glutamate-γ-
semialdehyde (GSA) to L-glutamate. GSA is the hydrolysis product of Δ1-pyrroline-5-
carboxylate (P5C), which is generated from proline by proline dehydrogenase (PRODH). In
humans, PRODH is called proline oxidase (POX) in recognition of its function as a
superoxide-generating tumor suppressor protein.2 GSA is also produced from ornithine by
ornithine aminotransferase.

P5CDH is also the second enzyme of hydroxyproline catabolism in humans (Fig. 1, lower
reactions).3 Analogous to proline, catabolism of hydroxyproline begins with the oxidation of
hydroxyproline (trans-4-hydroxy-L-proline) to Δ1-pyrroline-3-hydroxy-5-carboxylate
(3OH-P5C) by hydroxyproline oxidase (OH-POX, 45 % identical to POX). The
nonenzymatic hydrolysis of 3OH-P5C produces 4-hydroxyglutamate semialdehyde (OH-
GSA), which is oxidized to 4-erythro-hydroxy-L-glutamate (OH-Glu) by P5CDH. The
structural basis for the dual substrate specificity of human P5CDH (HsP5CDH) is unknown.

P5CDH belongs to the ALDH superfamily, a vast group of divergently evolved enzymes
that share a common three-dimensional fold and catalytic strategy for oxidizing aldehydes to
carboxylic acids. As of a 2002 census,4 the superfamily comprises several hundred enzymes
from all three kingdoms of life, which have been classified into 20 families based on
sequence identity. P5CDH belongs to the ALDH4 family and is encoded by the ALDH4A1
gene. The generally accepted catalytic mechanism of ALDHs begins with nucleophilic
attack by a universally conserved Cys residue at the C atom of the aldehyde group of the
substrate to form a hemithioacetal. Hydride transfer to NAD(P)+ yields a thioacyl
intermediate and NAD(P)H. Lastly, hydrolysis of the thioacyl generates the carboxylic acid
product. Crystal structures of P5CDH from Thermus thermophilus suggest that this
mechanism holds for P5CDH.6

Certain mutations in the ALDH4A1 gene cause type II hyperprolinemia (HPII), an inherited
autosomal recessive disorder characterized by a deficiency in P5CDH activity.7-11

Individuals with HPII have elevated levels of P5C and proline in plasma, urine, and
cerebrospinal fluid.12 Elevation of P5C is consistent with the block in the conversion of P5C
to glutamate. The increase in proline reflects the conversion of some of the accumulated
P5C pool to proline by P5C reductase.11

HPII is causally linked to neurologic manifestations and is associated with an increased
incidence of seizures and possibly mental retardation.13 Hyperprolinemia is also a risk factor
for schizophrenia. Precisely how a deficiency of P5CDH contributes to these disorders is
uncertain but may reflect the role of proline as a neurotransmitter.16-19 Animal studies have
established a connection between high proline levels and neurological dysfunction and
suggest that excessive proline disrupts energy metabolism in the brain, leading to
mitochondrial dysfunction and oxidative stress.12 Recent studies of a fly model of HPII
show that loss of P5CDH activity results in swollen mitochondria and suggest that proper
P5CDH activity is necessary for normal mitochondrial homeostasis.20

Human genetics studies have provided insight into the molecular basis of the HPII. Several
nonsynonymous single-nucleotide polymorphisms (SNPs) in the P5CDH gene are associated
with the disease.9 Known pathological SNPs include the missense mutation of Ser352 to
Leu (S352L) and frameshift mutations that cause premature termination of translation.
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Here we provide the first structural analysis of HsP5CDH and investigate the impact of the
S352L mutation on the structure and catalytic properties of HsP5CDH. Several crystal
structures of HsP5CDH and the 93%-identical mouse P5CDH (MmP5CDH) are reported,
including complexes of the latter enzyme with NAD+ and glutamate. The effect of mutating
Ser352 to Leu or Ala is probed using steady-state kinetics assays, NAD+ binding
measurements, and X-ray crystallography. The data provide insight into three-dimensional
structural basis of HPII as well as the dual substrate recognition of GSA and OH-GSA.

Results
Overall fold

The structure of HsP5CDH was determined at 2.5 Å resolution using single-wavelength
anomalous diffraction (SAD) phasing (Table 1). HsP5CDH exhibits the classic ALDH fold
(Fig. 2a), which consists of an N-terminal NAD+-binding domain (residues 23-182,
199-315, 525-542), C-terminal catalytic domain (residues 316-524), and oligomerization
domain (residues 183-198, 543-562). At the core of the NAD+-binding domain is an open α/
β substructure that resembles the Rossmann dinucleotide-binding fold (residues 203 - 314).
As first described for ALDH3, the Rossmann fold of ALDH differs from the classic one in
that the final helix and strand of the classic Rossmann fold are absent in ALDHs.21 The
catalytic domain also exhibits an open α/β fold and features a twisted 7-stranded β-sheet
with all but one strand in parallel. This domain furnishes the essential cysteine nucleophile
(Cys348) and several residues that bind GSA, including Ser349. The oligomerization
domain is a bipartite structure consisting of a β-hairpin protruding from the NAD+-binding
domain and the C-terminal ~20 residues of the polypeptide chain. The latter part forms a β-
strand followed by an extended section. The hairpin and C-terminal strand combine to form
a two-stranded antiparallel β-sheet that resembles a flap.

Oligomeric state and quaternary structure
The oligomeric state of HsP5CDH in solution was determined using equilibrium analytical
ultracentrifugation (Fig. 3). The data from nine sedimentation experiments corresponding to
three loading concentrations and three rotor speeds were fitted globally to a single-species
model. The molar mass is estimated to be 122 kDa (120 – 125 kDa), which is within 2 % of
the value predicted for the dimer (124 kDa).

Inspection of the crystal lattice revealed a two-body assembly that represents the dimer
formed in solution (Fig. 2b). This dimeric assembly is also found in the crystal lattices of
MmP5CDH and other ALDHs.21-23 The dimer is a domain-swapped assembly in which the
oligomerization domain of one protomer engages the other protomer. The domain swapping
results in the formation of an intermolecular β-sheet involving the C-terminal strand of the
oligomerization domain of one protomer and the final strand of the catalytic domain of the
other protomer. Also, the extended region at the C-terminus of one protomer wraps over the
catalytic domain of the other protomer forming several hydrogen bonds. Another major part
of the dimer is located on the face opposite to that of the intermolecular β-sheet and consists
of extensive nonpolar and electrostatic interactions involving the 290s helices of the two
protomers (residues 288-304). In total, the dimer interface buries 4300 Å2 of surface area.

Binding of ligands to the active site
MmP5CDH was used for structure determination of enzyme-ligand complexes because of
the exceptional crystallographic resolution (Table 2). The overall conformations of
MmP5CDH and HsP5CDH are essentially identical except for a deviation at the N-terminus,
which is due to different crystal lattice interactions (Fig. S1). The root mean square
deviation between the two structures is 0.3 Å for 533 residues. The sequence identity is 100
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% for active site residues. Moreover, the conformations of active site residues in the two
enzymes are essentially identical. Thus MmP5CDH is an excellent surrogate for HsP5CDH.

The 1.3 Å resolution structure of MmP5CDH was determined from crystals grown in the
presence of 0.2 M Li2SO4. Electron density maps clearly indicate a sulfate ion bound in the
active site (Fig. S2). The ion interacts with Gly512, Ser513, and Ser349. We note that the
sulfate site corresponds to the binding site for the phosphate group of glyceraldehyde-3-
phosphate of non-phosphorylating glyceraldehyde-3-phosphate dehydrogenase, which also
belongs to the ALDH superfamily.24

The structure of MmP5CDH complexed with the product glutamate was solved at 1.5 Å
resolution using data from a crystal soaked in ~300 mM glutamate. Electron density maps
clearly showed that glutamate had displaced the bound sulfate ion (Fig. 4a). Glutamate binds
with its α-carboxylate in the sulfate site and its side chain extending toward catalytic
Cys348. The amino and α-carboxylate groups of glutamate form hydrogen bonds with
Ser349, Gly512, and Ser513. The aliphatic part of the glutamate side chain packs between
Phe212 and Phe520. One of the oxygen atoms of the γ-carboxylate interacts with Asn211
and the main chain of Cys348. This atom likely represents the O atom of the aldehyde group
of GSA. The other O atom of the carboxylate points into a solvent-filled cavity and
represents the O atom derived from the attack of water on the thioacyl intermediate. This
mode of product binding is similar to that observed for Thermus thermophilus (TtP5CDH,
30 % identical to HsP5CDH).6

A 1.5 Å resolution structure of MmP5CDH complexed with NAD+ was determined.
Electron density for the AMP moiety is strong, while the density for NMN is weaker (Fig.
4b). Nevertheless, the weak density is consistent with the hydride transfer NAD+

conformation that is seen in other ALDHs, including TtP5CDH. We note that
conformational disorder is common for ALDHs. Based on these observations, the NMN and
AMP moieties were modeled with occupancy values of 0.0 and 1.0, respectively. The
adenine ring is wedged between the last two helices of the Rossmann dinucleotide-binding
fold. Lys233 engages the adenine ribose, while Ser287 and Thr290 interact with the
pyrophosphate. The interactions involving Ser287 and Lys233 are also seen in TtP5CDH.
The NMN ribose is predicted to form hydrogen bonds with Glu447. This interaction is
universally conserved in ALDHs and is presumably essential for binding NAD+.

The structural context of G521fs(+1)
The frameshift mutation G521fs(+1) consists of an insertion of T following nucleotide 1563
in exon 16 of the ALDH4A1 gene.9 This mutation alters the sequence of residues 522-529
(yellow in Fig. 2a) from GARASGTN to WGPSLWNQ and introduces a stop codon that
truncates translation after residue 529. Residue 529 is located in the inter-domain linker that
connects the end of the catalytic domain to the strand of the oligomerization domain. The
truncated protein thus lacks the final β-strand and C-terminal extension. These elements
form a major part of the dimer interface, suggesting that they are essential for proper dimer
formation. Since there are no examples of functional monomeric ALDHs, the truncated
protein is probably nonfunctional. The lack of proper dimer formation most likely explains
why P5CDH-deficient yeast expressing G521fs(+1) failed to grow on proline and had no
detectable P5CDH activity.9

The structural context of S352L
Ser352 is located at one end of the catalytic loop (Fig. 2a inset). This loop contains catalytic
Cys348 and Ser349, a residue that interacts with the aldehyde substrate (Fig. 4a). The
MmP5CDH structure provides a high resolution view of the three-dimensional context of
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Ser352 (Fig. 5). We note that the conformations of the catalytic loops in HsP5CDH and
MmP5CDH are almost identical (Fig. S3a).

Ser352 sits at the bottom of a water-filled pocket (Fig. 5). The adjacent residue, Cys351, is
turned away from this hydrophilic space, and its side chain is tucked into a hydrophobic
region. Catalytic Cys348 and Glu447 sit at the top of the water-filled pocket where it flows
into the crevice between the catalytic and NAD+-binding domains. Ser352, Lys318, Asn319
and backbone carbonyls of the catalytic loop project into the pocket and form hydrogen
bonds with water molecules, thus creating an electrostatic network that appears to stabilize
the conformation of the catalytic loop (Fig. 5). This region appears to be conserved among
ALDHs. For example, the constellation of water molecules in the pocket is also found in
human mitochondrial aldehyde dehydrogenase (PDB code 1O04).5

Characterization of the S352L and S352A mutants of HsP5CDH
The mutation of Ser352 to Leu in HsP5CDH abolishes catalytic activity. The mutant
enzyme was inactive under all conditions tested. For example, the activity of S352L was
below detection in an assay containing 100 μg/mL of enzyme, 355 μM NAD+, and 200 μM
P5C (Fig. S4). For reference, an identical assay performed with HsP5CDH present at 10-
fold lower concentration exhibited substrate depletion within 1 minute (Fig. S4). The
absence of measurable catalytic activity for recombinant S352L is in agreement with
previous studies showing that P5CDH-deficient yeast expressing S352L failed to grow on
proline and had no P5CDH activity.9

The functional consequences of mutating Ser352 was probed further using mutagenesis,
kinetics, and isothermal titration calorimetry. Mutation of Ser to Leu has the dual effect of
removing a hydroxyl group and adding a branched aliphatic side chain. The mutant enzyme
S352A was created to examine the contribution of the former effect.

In contrast to S352L, the mutant enzyme S352A exhibits catalytic activity that is
commensurate with that of HsP5CDH. The kinetic properties of HsP5CDH and S352A were
thus more closely compared. Competitive type inhibition by L-P5C at concentrations > 50
μM was observed for HsP5CDH and S352A in assays varying NAD+ as previously reported
but not characterized25 (Fig. S5). In order to obtain kinetic constants and a substrate
inhibition constant for L-P5C (KI), reaction progress curves at various NAD+ concentrations
using different fixed P5C concentrations were globally fitted to a Theorell-Chance
mechanism (Fig. S6). Global fitting using KinTek Global Kinetic Explorer26 yielded kcat
values of 10 and 5 s−1 for HsP5CDH and S352A, respectively (Table S1). The kcat/K for
HsP5CDH and S352A are 98.7 and 102 mM−1s−1 m , respectively. The Km values for NAD
+ and L-P5C are thus 100 and 32 μM for HsP5CDH, and 49 and 51 μM for S352A
respectively. The similar kinetic parameters for HsP5CDH and S352A suggest that the
catalytic defect of S352L is due primarily to the addition of the nonpolar Leu side chain
rather than the removal of the hydroxyl group of Ser352.

Isothermal titration calorimetry (ITC) was used to study the binding of NAD+ to HsP5CDH,
S352A, and S352L (Fig. 6). The association of NAD+ with HsP5CDH is exothermic (Fig.
6a). Global fitting of data from three replicate titrations (Fig. 6b) yielded an apparent
enthalpy change of −18 ± 1 kcal/mol and dissociation constant (Kd) of 15 ± 1 μM (Table 3).
The binding of NAD+ to S352A is likewise exothermic (Fig. 6c), and the binding parameters
are similar to those of HsP5CDH (ΔH = −18 ± 2 kcal/mol, Kd, = 10 ± 2 μM). In contrast,
the injection heats for S352L are small and nearly constant during the titration (Fig. 6e, 6f),
implying that S352L has negligible affinity for NAD+. This result implies that the catalytic
defect of S352L is due, in part, to a lack of NAD+ binding. Furthermore, the ITC results
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show that the defect in NAD+ binding of S352L results primarily from the introduction of
the nonpolar Leu side chain rather than removal of the hydroxyl group of Ser352.

The structure of S352A was determined at 2.4 Å resolution (Table 1). The structure is
essentially identical to that of HsP5CDH. In particular, the catalytic loop and constellation
of residues that bind GSA and NAD+ have the same conformations as in the native enzyme
(Fig. S3b). The S352A structure, in agreement with the ITC and kinetic data, shows that the
catalytic defect of S352L is due primarily to the introduction of the nonpolar Leu side chain.

Crystal structure of the S352L mutant of HsP5CDH
The structure of S352L was determined at 2.85 Å resolution (Table 1). The mutant enzyme
exhibits the same overall fold and dimeric structure as HsP5CDH. The active site of S352L,
however, is highly perturbed. In particular, the catalytic loop adopts a non-native
conformation (Fig. 7a).

Mutation of Ser352 to Leu profoundly changes the structure of the catalytic loop (Fig. 7b).
Leu352 packs into a hydrophobic pocket that is occupied by Cys351 in the native enzyme.
Consequently, Cys351 and Ala350 have moved into the hydrophilic pocket of the native
enzyme, forcing Lys318 out of the pocket. Ser349 moves by 8Å into the space that is
reserved for Glu447 in the native enzyme, ejecting Glu447 from the active site (see arrows
in Fig. 7b). These changes are significant because Ser349 and Glu447 interact with the
aldehyde substrate and the nicotinamide ribose of NAD+, respectively (Fig. 4). The
conformational change of Glu447 may be particularly significant, since mutagenesis of this
residue in ALDH2 (Glu399) substantially lowers kcat and increases K for NAD+.27 m
Finally, catalytic Cys348 shifts by 3 Å, and its side chain is turned into the enzyme rather
than pointing into the open space between the catalytic and NAD+-binding domains.

Discussion
Human and bacterial P5CDHs share a common fold. Structures of P5CDH from Thermus
thermophilus, Bacillus licheniformis (PDB code 3RJL), and Bacillus halodurans (3QAN)
have been determined. The root mean square deviation between HsP5CDH and the bacterial
enzymes is 1.5 Å over about 500 residues, indicating a high level of structural similarity at
the fold level (Fig. S7). A notable difference is that the C-terminal extension is not found in
bacterial P5CDHs. The extension is involved in dimerization in HsP5CDH. It remains to be
determined whether bacterial and mammalian P5CDHs share a common oligomeric state in
solution.

The MmP5CDH structures provide insight into the dual substrate specificity of HsP5CDH
for GSA and OH-GSA. A model of the ternary enzyme-OH-GSA-NAD+ complex was
created by superimposing the MmP5CDH-Glu and MmP5CDH-NAD+ structures and
replacing the glutamate ligand with a model of OH-GSA (Fig. S8). The hydroxyl group
occupies a solvent-filled cavity and is bounded by Phe520 and the nicotinamide of NAD+.
The shortest contact distances with the O atom of the OH-GSA hydroxyl are 3.2 Å with the
phenyl group of Phe520 and 3.1 Å with the nicotinamide carbonyl. Thus, there are no severe
steric clashes in the model. The absence of a protein group that clashes with hydroxyl of
OH-GSA and the potential for hydrogen bonding with water molecules and the carboxamide
of NAD+ provide an explanation for the dual recognition of GSA and OH-GSA.

The S352L mutant is reminiscent of the E487K mutant of ALDH2. As with S352L, E487K
is associated with a human health disorder, impaired ethanol metabolism. In both cases the
mutated residue does not directly contact the substrate or NAD+, yet the mutant enzymes are
catalytically deficient. Mutation of Glu487 to Lys in ALDH2 results in a 200-fold increase
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in Km for NAD+,29 and structural studies have shown that NAD+ induces partial reordering
of the E487K active site.30 In contrast, we see no evidence for association of NAD+ with
S352L and hence no reordering of the active site.

Finally, our data provide a satisfying explanation of the role of the S352L mutation in HPII.
It was previously suggested, based on crystal structures and molecular dynamics
simulations, that the main consequence of this mutation is to disrupt a water network that
connects Ser352 to the catalytic Cys. This idea was based, in part, on a static model derived
from a TtP5CDH structure and assumed that the Leu side chain projects into the solvent-
filled pocket that connects Ser352 to Cys348.6 In fact, the S352L structure shows that
Leu352 avoids the solvent-filled pocket and instead seeks a hydrophobic pocket (Fig. 7b).
The structure further shows that the S352L mutation dramatically alters the constellation of
residues responsible for aldehyde binding, NAD+ binding, and covalent bond formation. In
particular, Ser349 is not positioned properly to interact with the carboxylate of the aldehyde
substrate. Conserved Glu447 is no longer poised to bind the nicotinamide ribose of NAD+,
an interaction that is common to all ALDHs. And Cys348 is facing the wrong direction for
nucleophilic attack. These structural features are consistent with the observed absence of
catalytic activity and NAD+ binding in S352L. In conclusion, the mutation of Ser352 to Leu
disrupts three major aspects of catalysis - aldehyde recognition, NAD+ binding, and
nucleophilic attack - rendering the enzyme nonfunctional.

Materials and Methods
Subcloning

The genes encoding HsP5CDH (NCBI RefSeq NP_003739) and MmP5CDH (NCBI RefSeq
NP_780647.3) were obtained from ATCC. The coding sequences for HsP5CDH residues 18
- 563 and MmP5CDH residues 21 - 562, which omit the mitochondrial leader sequences,
were subcloned into pET28a between NdeI and XhoI restriction sites. The site-directed
mutants S352L and S352A of HsP5CDH were created with the QuikChange XL II
mutagenesis kit (Agilent Technologies).

Expression and purification of HsP5CDH
HsP5CDH and site-directed mutants of HsP5CDH were expressed in Bl21(DE3)pLysS as
follows. Two liters of LB media, supplemented with 50 μg/L kanamycin, were inoculated
with 1 % of a starter culture and grown at 37 °C with constant aeration at 250 rpm until the
OD600 reached 0.6. IPTG was added and protein expression proceeded for about 20 hours at
22 °C and 200 rpm. The cells were harvested by centrifugation at 3500 rpm for 30 minutes
in a Sorvall SLC 6000 rotor at 4 °C. The cells were resuspended into 20 mM HEPES, 60
mM NaCl, and 5 % glycerol at pH 8.0, quick frozen in liquid nitrogen, and stored at −80 °C
until further purification.

Frozen cells were thawed and broken by sonication. Cell debris and unbroken cells were
separated by centrifugation at 16500 rpm for 1 hour in a SS34 rotor. The supernatant was
applied to a HisTrap HP column that had been charged with NiCl2 and equilibrated with
buffer A (20 mM HEPES, 300 mM NaCl, 5 % glycerol, pH 8.0). The column was washed
with buffer A followed by a second wash with buffer A supplemented with 30 mM
imidazole. The protein was eluted with 300 mM imidazole in buffer A. The sample was
dialyzed into 50 mM Tris, 0.5 mM EDTA, 0.5 mM THP, and 5 % glycerol at pH 8.0 in
preparation for further purification using anion exchange chromatography (HiTrap Q). His-
tagged HsP5CDH was collected in the flow-through, while contaminating proteins were
retained in the column. The purified protein was dialyzed into pre-crystallization buffer (50
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mM Tris, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM THP, 5 % glycerol, pH 8.0). The His-tag
was not removed.

Expression and purification of MmP5CDH
MmP5CDH was expressed as described above for HsP5CDH ([IPTG] = 0.5 mM, overnight
induction at 22 °C and 200 rpm). The protein was purified using Ni2+-affinity and ion
exchange chromatography. Unlike His-tagged HsP5CDH, His-tagged MmP5CDH bound to
the anion exchange column when loaded in a buffer of 50 mM Tris, 0.5 mM EDTA, 0.5 mM
THP, and 5 % glycerol at pH 7.5, and was eluted with a linear 0 – 1.0 M NaCl gradient. The
purified protein was dialyzed into 50 mM Tris, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM THP
and 5 % glycerol at pH 7.5 in preparation for crystallization trials. The His-tag was not
removed.

Preparation of Se-Met HsP5CDH
The Se-Met derivative of HsP5CDH was prepared using the method of metabolic
inhibition.32 An overnight starter culture was grown in LB media at 37 °C. Cells from the
starter culture were pelleted and resuspended in minimal media supplemented with 2 mM
MgSO4, 0.1 mM CaCl2 and 0.4 % glucose as the carbon source. Cells were grown until the
OD600 reached 0.5, at which time, the Met biosynthetic pathway was inhibited by adding 1
mg each of lysine, threonine, and phenylalanine, and 0.5 mg each of leucine, isoleucine,
valine, and L-selenomethionine per liter of media. The temperature was lowered to 22 °C
and the rotation rate was set to 200 rpm. After 30 minutes, IPTG was added (50 μM). The
cells were harvested after ~20 hours. Se-Met HsP5CDH was purified as describe above for
the native protein.

Crystallization
Se-Met HsP5CDH was crystallized at 4 °C in sitting drops using reservoirs containing 20 -
25 % (w/v) PEG 3350, 0.2 M (NH4)2SO4, and 0.1 M HEPES at pH 7.0 - 8.0. The drops
were formed by mixing equal volumes of the reservoir and the protein stock solution (6.0
mg/mL protein in 50 mM Tris, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM THP, 5 % glycerol,
pH 8.0). The crystals were cryoprotected in 25 % PEG 3350, 0.2 M (NH4)2SO4, 0.1 M
HEPES, 25 % glycerol at pH 7.5. The space group is P65 with unit cell parameters of a =
150.7 Å and c = 192.0 Å. The asymmetric unit includes two dimers, which implies 53 %
solvent and VM of 2.6 Å3/Da.33

Crystals of S352A and S352L were grown at 20 °C using the recipe described above for
HsP5CDH except that microseeding was used. Sitting drops were formed by mixing equal
volumes of the protein stock (7.0 mg/ml for S352A, 2.0 mg/ml for S352L) and reservoir
solutions, and the drops were streak seeded 12 hours later using a horse hair. The seed stock
was prepared by diluting crushed S352A crystals by a factor of 5000-10000 with the
reservoir. Crystallization of S352L was unsuccessful without microseeding.

MmP5CDH was crystallized in sitting drops (1 μl of protein, 1 μl of reservoir) at 20 °C
using reservoir solutions containing 20 - 25 % (w/v) PEG 3350, 0.2 M Li2SO4, 0.1 M Bis-
Tris, and pH of 6.0 - 7.0. The protein stock solution contained 6 mg/mL His-tagged
MmP5CDH in 50 mM Tris, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM THP and 5 % glycerol at
pH 7.5. The crystals were cryoprotected with 25 % PEG 3350, 0.2 M Li2SO4, 0.1 M Bis-
Tris, 25 % glycerol, and pH 6.25. The space group is P212121 with unit cell lengths of a =
85.2 Å, b = 94.0 Å, and c = 132.4 Å. The asymmetric unit contains one dimer, implying 44
% solvent and VM of 2.2 Å3/Da. The glutamate complex was formed by soaking crystals for
6 – 8 hours in the cryobuffer without Li2SO4 and supplemented with 300 mM sodium
glutamate. The NAD+ complex was obtained similarly using 20 mM NAD+.
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X-ray diffraction data collection
Crystals of Se-Met HsP5CDH were analyzed at NE-CAT beamline 24-ID-C at the
Advanced Photon Source using a Quantum 315 detector (Table 1). The data set that was
used for single-wavelength anomalous diffraction (SAD) phasing was collected at the
energy corresponding to the experimentally-determined peak of f” (λ = 0.979181 Å). This
data set consisted of 180 frames collected with an oscillation width of 1.0° per image,
detector distance of 375 mm, exposure time of 1.0 s/image, and transmission of 2.5 %. The
data were processed to 2.85 Å resolution using HKL2000,34 with I+ and I− treated as
nonequivalent reflections during scaling. The crystal was translated, and a second data set
was collected at higher transmission for purpose of phase extension and refinement. Denoted
as Se-Met-2 in Table 1, this data set consisted of 60 frames collected with an oscillation
width of 1.0° per image, detector distance of 350 mm, exposure time of 1.0 s/image, and
transmission of 10.0 %. The data were processed using HKL2000 to 2.5 Å resolution, with
I+ and I-treated as equivalent reflections during scaling.

Data from crystals of S352A and S352L were collected at 24-ID-C using continuous vector
scanning, in which the crystal is translated after each image to reduce radiation damage
(Table 1). The S352A data set consisted of 68 frames with an oscillation width of 1.0° per
image, detector distance of 275 mm, exposure time of 1.0 s/image, and a transmission of
50%. The S352L data set comprised 50 frames with an oscillation width of 1.0° per image,
detector distance of 320 mm, exposure time of 1.0 s/image, and a transmission of 100.0 %.
The data were integrated with XDS35 and scaled with SCALA36 via CCP4i.37

A 1.3 Å resolution data set for the MmP5CDH-sulfate complex was collected at 24-ID-C
(Table 2). The data set consisted of 120 frames collected with an oscillation width of 1° and
detector distance of 150 mm. The data were processed with HKL2000.

Data for the MmP5CDH-Glu and MmP5CDH-NAD+ complexes were collected at beamline
4.2.2 of the Advanced Light Source (Table 2). Each data set consisted of 360 frames with an
oscillation width of 0.5°, detector distance of 100 mm, and exposure time of 1 s. These data
sets were processed with XDS and SCALA.

Phasing and refinement
The structure of HsP5CDH was determined using SAD phasing based on data collected
from crystals of Se-Met HsP5CDH. The phasing potential of each data set was analyzed
with the HKL2MAP38 interface to the SHELXC/D/E programs.39-41 Promising data sets
were input to PHENIX AutoSol for SAD phasing, density modification, and automated
building calculations.42 For the best data set, 30 of the expected 36 Se sites (i.e., four
HsP5CDH molecules per asymmetric unit) were identified, which resulted in a figure of
merit of 0.39 for reflections to 2.85 Å resolution. Density modification, which included 4-
fold non-crystallographic symmetry (NCS) averaging, increased the figure of merit to 0.69.
The model from automated building included 1790 residues (10194 atoms) and had an R-
factor of 0.48 and map-model correlation coefficient of 0.59. PHENIX AutoBuild42 was
used for phase extension to 2.5 Å resolution and additional model building. The resulting
model included 1751 protein residues and 505 water molecules, with Rcryst of 0.32, Rfree of
0.37, and map-model correlation coefficient of 0.72.

The protein part of the model from automated building was used as the starting point for
several rounds of manual building in COOT43 and simulated annealing refinement against
the 2.5 Å resolution data set in PHENIX.44 The B-factor model used during refinement
consisted of an isotropic B-factor for each non-hydrogen atom plus one TLS group per
chain. Four-fold NCS restraints were used during refinement. The final structure served as
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the starting point for NCS-restrained refinement of the S352A and S352L structures.
Refinement statistics are listed in Table 1

The 1.3-Å structure of MmP5CDH complexed with sulfate was determined using molecular
replacement as implemented in the programs MOLREP45 and PHASER46 with the
HsP5CDH dimer serving as the search model. Several rounds of model building in COOT
and refinement in PHENIX were performed. Initially, the B-factor model consisted of an
isotropic B-factor for each non-hydrogen atom and one TLS group per protein chain, but
anisotropic B-factors were used during the final few rounds of refinement. The refined
MmP5CDH-sulfate structure was the starting point for refinements of the 1.5 Å resolution
glutamate and NAD+ complexes. For these two structures, the B-factor model consisted of
an isotropic B-factor for each non-hydrogen atom and one TLS group per protein chain.
Refinement statistics are listed in Table 2.

Analytical ultracentrifugation
The quaternary structure of HsP5CDH in solution was analyzed using equilibrium analytical
ultracentrifugation. Data were acquired at 20 °C using a Beckman XL-I Optima analytical
ultracentrifuge equipped with an An50Ti rotor. Prior to centrifugation, a protein sample
having concentration of 0.8 mg/mL was dialyzed into a buffer containing 50 mM Tris, 50
mM NaCl, 0.5 mM EDTA, 0.5 mM THP, and 5 % glycerol at pH 8.0. Absorbance data (λ =
278 nm) were collected at three protein concentrations (0.2 mg/mL, 0.4 mg/mL, 0.8 mg/mL)
and three rotor speeds (4000 rpm, 8000 rpm, 12000 rpm). The nine sets of data were fit
globally to a single-species model (Eq. 9 of Lebowitz et al.47). A solvent density of 1.02 g/
cm3 and partial specific volume of 0.74 cm3/g were used in the calculations. The 68 %
confidence interval for the molar mass was estimated by analyzing the χ2 surface using the
F-statistic.

Isothermal titration calorimetry
The binding of NAD+ to HsP5CDH, S352A, and S352L was studied at 25°C using a VP-
ITC calorimeter (MicroCal, LLC). Prior to the titration, the protein sample was dialyzed in
50 mM Tris, 50 mM NaCl, 0.5 mM THP, 0.5 mM EDTA, and 5 % glycerol at pH 8.0. The
protein concentration was estimated using absorbance with a theoretical extinction
coefficient of 1.1 A /mg. NAD+ 280 was dissolved in the dialysate, and the pH was adjusted
to that of the dialyzed protein sample. The concentration of NAD+ was estimated by
absorbance using an extinction coefficient of 16.9 A259/mM. The protein and NAD+
solutions were loaded into the sample cell and buret, respectively. Following thermal
equilibration, 20 μl aliquots of the titrant were injected into the sample cell at 240-s intervals
with a stirring speed of 250 rpm. A pre-injection of 4 μl was used and discarded during
fitting. Fitting of the data to a single-site binding model was performed using Origin
software.

Kinetic characterization
P5CDH activity was measured at 20 °C by monitoring the production of NADH at 340 nm.
The assay buffer contained 0.1 M sodium phosphate (pH 7.0) and 1 mM EDTA. The
enzyme concentration was 11 μg/ml (0.16 μM). Specific activity is expressed as μmoles of
NADH produced per minute per mg of enzyme. Initial velocity data were collected using
NAD+ concentrations from 1 to 1500 μM at different fixed concentrations of a 50/50 DL-
P5C mixture with L-P5C concentrations from 10 to 500 μM. Data were globally fitted to a
kinetic scheme for the Theorell-Chance mechanism as shown in Supplemental Information.
The fitted rate constants and kinetic parameters for HsP5CDH are reported in Table S1.
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Tryptophan fluorescence quenching
An estimate of NAD+ binding to HsP5CDH was performed to better constrain the k−1/k1
ratio in the global fitting analysis shown in Fig. S6. HsP5CDH (1 μM) in 0.1 M phosphate
buffer (pH 7.0, 1 mM EDTA) was excited at 295 nm and the fluorescence emission
maximum at 330 nm was recorded. Quenching of tryptophan fluorescence by NAD+ (0 - 30
μM) was monitored at 330 nm and the emission was normalized to represent fractional
quenching. Increasing amounts of NAD+ were added to the HsP5CDH solution allowing for
a 2 min equilibration time after each addition of NAD+. The tryptophan fluorescence
quenching data from the NAD+ titration was then simulated with Kinetic Global explorer
software and fitted globally along with the kinetic data to better constrain the K for NAD+

binding d to HsP5CDH (Fig. S6).

PDB accession numbers
Coordinates and structure factor amplitudes have been deposited under the following
accession codes: HsP5CDH, 3V9G; S352A, 3V9H; S352L, 3V9I; MmP5CDH-sulfate,
3V9J; MmP5CDH-Glu, 3V9K; MmP5CDH-NAD+, 3V9L. The 3V9G deposition includes
the anomalous data that was used for SAD phasing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

3OH-P5C Δ1-pyrroline-3-hydroxy-5-carboxylate

ALDH aldehyde dehydrogenase

GSA L-glutamate-γ-semialdehyde

HPII type II hyperprolinemia

HsP5CDH human Δ1-pyrroline-5-carboxylate dehydrogenase

ITC isothermal titration calorimetry

MmP5CDH mouse Δ1-pyrroline-5-carboxylate dehydrogenase

OH-Glu 4-erythro-hydroxy-L-glutamate

OH-GSA 4-hydroxyglutamate semialdehyde

OH-POX hydroxyproline oxidase

P5C Δ1-pyrroline-5-carboxylate

P5CDH Δ1-pyrroline-5-carboxylate dehydrogenase
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POX proline oxidase

PRODH proline dehydrogenase

S352A human Δ1-pyrroline-5-carboxylate dehydrogenase with Ser352 mutated to
Ala

S352L human Δ1-pyrroline-5-carboxylate dehydrogenase with Ser352 mutated to
Leu

SAD single-wavelength anomalous diffraction

TtP5CDH Thermus thermophilus Δ1-pyrroline-5-carboxylate dehydrogenase
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Highlights

• The structures of human and mouse P5CDH are determined using Se-Met SAD
phasing.

• These are the first structures of any eukaryotic P5CDH.

• The impact of the HPII-associated S352L mutation is examined.

• S352L is inactive and fails to bind NAD+.

• The structure of S352L is determined.

• Mutation of Ser352 to Leu profoundly alters the active site of human P5CDH.

Srivastava et al. Page 15

J Mol Biol. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 1.
The reactions of proline (upper) and hydroxyproline (lower) catabolism in humans.
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Fig. 2.
Protomer and dimer structure of HsP5CDH. (a) Ribbon drawing of the protomer. The
NAD+-binding, catalytic, and oligomerization domains are colored red, blue, and green,
respectively. Ser352 and residues 522-529 are colored yellow. The side chain of catalytic
Cys348 is shown. Inset: close-up view of the environment around Ser352. (b) The
HsP5CDH dimer. The two chains are colored red and blue. This figure and others were
created with PyMOL.50
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Fig. 3.
Analytical ultracentrifugation data for HsP5CDH. Data were acquired at 4000 (circles),
8000 (squares), and 12000 (triangles) rpm at three nominal loading concentrations. The
curves represent the best least-squares fit to an ideal single-species model. The molar mass
obtained from global fitting is 122 kDa (120 – 125 kDa), which is within 2 % of the value
predicted for the dimer (124 kDa).

Srivastava et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2013 July 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Electron density and interactions for (a) glutamate (stereographic view) and (b) NAD+

bound to MmP5CDH. The cages represent simulated annealing σA-weighted Fo - Fc omit
maps contoured at 3.0 σ. The NMN part of NAD+ in panel b was modeled based on other
ALDH structures and has zero occupancy in the structure deposited in the PDB.
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Fig. 5.
High resolution (1.3 Å) view of the catalytic loop of MmP5CDH (stereographic view). The
cage represents a 2Fo - Fc map contoured at 1.5 σ. Protein density is colored aquamarine.
Water density is colored red. Ser352 is colored yellow.
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Fig. 6.
ITC analysis of NAD+ binding to (a-b) HsP5CDH, (c-d) S352A, and (e-f) S352L. (a) Raw
data for the titration of 47 μM HsP5CDH with 0.77 mM NAD+. (b) Integrated data for
titrations of 30, 34, and 47 μM HsP5CDH with NAD+. The solid lines represent the optimal
global fit of the three data sets to a single-site binding model. (c) Raw data for the titration
of 18 μM S352A with 0.20 mM NAD+. (d) Integrated data for the experiment displayed in
panel c, along with the optimum least-squares fit to a single-site model. (e) Raw data for
titration of 18 μM S352L with 0.20 mM NAD+. (f) Integrated data for the experiment
displayed in panel e.
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Fig. 7.
The active site of S352L. (a) Electron density map for the catalytic loop of S352L
(stereographic view). The cage represents a simulated annealing σA-weighted Fo - Fc omit
map contoured at 2.5 σ. (b) Superposition of HsP5CDH (white) and S352L (cyan)
(stereographic view). The arrows denote the movements of Ser349 and Glu447 that are
induced by the mutation of Ser352 to Leu. For reference, NAD+ and the product glutamate
from the MmP5CDH structures are shown in pink. The dashed lines indicated hydrogen
bonds to NAD+ and the product glutamate in the MmP5CDH structures.
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Table 1

Data collection and refinement statistics for HsP5CDHa

Se-Met-1 Se-Met-2 S352A S352L

Space group P65 P65 P65 P65

Unit cell parameters (Å) a = 150.7 a = 150.7 a = 149.1 a = 150.4

c = 191.6 c = 192.0 c = 190.7 c = 192.5

Resolution (Å) 50.0 - 2.85 50.0 - 2.50 48.8 - 2.40 48.8 - 2.85

(2.95 - 2.85) (2.59 - 2.50) (2.53 - 2.40) (3.00 - 2.85)

Total observations 661829 321938 342969 177351

Unique reflections 113595 84960 93350 55880

Multiplicity 5.8 (5.8) 3.8 (3.8) 3.7 (3.2) 3.2 (3.1)

Rmerge
b 0.100 (0.524) 0.075 (0.539) 0.072 (0.450) 0.101 (0.626)

Rmeas
b 0.083 (0.539) 0.119 (0.742)

Rpim
b 0.041 (0.291) 0.062 (0.390)

<I /σ(I)> 22.9 (4.4) 17.0 (2.5) 10.7 (2.3) 8.6 (2.2)

Completeness (%) 100.0 (100.0) 99.7 (100.0) 99.7 (99.5) 97.5 (99.0)

Rwork / Rfree
c 0.199 / 0.237 0.210 / 0.251 0.209 / 0.264

Number of atoms 16032 15844 13924

Protein residues 2162 2151 1982

Water molecules 0 167 0

RMSD bond lengths (Å) 0.009 0.008 0.011

RMSD bond angles (°) 1.18 1.16 1.23

Ramachandran plotd

 Favored (residues) 2099 2059 1846

 Allowed (residues) 55 73 72

 Outliers (residues) 0 1 6

Average B-factors

 Protein (Å2) 62 49 56

 Water (Å2) 34

Coordinate error (Å)e 0.70 0.72 0.90

PDB code 3V9G 3V9H 3V9I

a
Values for the outer resolution shell of data are given in parenthesis.

b
Definitions of Rmerge, Rmeas, and Rpim can be found in Weiss.48

c
A common test set of reflections was used for all refinements (2.4 %).

d
The Ramachandran plot was generated with RAMPAGE.49

e
Maximum - likelihood based coordinate error from PHENIX.
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Table 2

Data collection and refinement statistics for MmP5CDHa

Sulfate Glutamate NAD+

Space group P212121 P212121 P212121

Unit cell parameters (Å) a = 85.2 a = 84.8 a = 84.9

b = 94.0 b = 93.9 b = 94.0

c = 132.4 c = 132.2 c = 132.4

Resolution (Å) 50.0 - 1.30 47.0 - 1.50 47.0 - 1.50

(1.32 - 1.30) (1.58 - 1.50) (1.58 - 1.50)

Total observations 914888 1222700 1221816

Unique reflections 247337 168017 168338

Multiplicity 3.7 (3.6) 7.3 (6.7) 7.3 (6.8)

Rmerge
b 0.055 (0.502) 0.066 (0.418) 0.061 (0.399)

Rmeas
b 0.071 (0.454) 0.065 (0.432)

Rpim
b 0.026 (0.174) 0.024 (0.164)

<I /σ(I)> 26.6 (2.4) 25.3 (4.8) 25.3 (4.9)

Completeness (%) 94.9 (86.0) 99.5 (96.5) 99.6 (97.6)

Rwork / Rfree
c 0.132 / 0.160 0.151 / 0.169 0.158 / 0.176

Number of atoms 9479 9233 9246

Protein residues 1091 1081 1081

Water molecules 1035 896 872

Active site ligand atoms 10 20 46

RMSD bond lengths (Å) 0.005 0.006 0.006

RMSD bond angles (°) 1.05 1.09 1.11

Ramachandran plotd

 Favored (%) 98.3 98.2 98.0

 Allowed (%) 1.7 1.8 2.0

 Outliers (%) 0.0 0.0 0.0

Average B-factors

 Protein (Å2) 12 10 11

 Water (Å2) 25 20 21

 Active site ligand (Å2) 17 11 14

Coordinate error (Å)e 0.30 0.29 0.31

PDB code 3V9J 3V9K 3V9L

a
Values for the outer resolution shell of data are given in parenthesis.

b
Definitions of Rmerge, Rmeas, and Rpim can be found in Weiss.48

c
A common test set of reflections was used for all refinements (5.0 %).

d
The Ramachandran plot was generated with RAMPAGE.49

e
Maximum - likelihood based coordinate error from PHENIX.
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Table 3

ITC data for NAD+ binding to HsP5CDH and S352A

ΔH (kcal/mol) K (M−1) Kd (μM)

HsP5CDH −18. ± 1. 6.6 ± 0.5 × 104 15. ± 1.

S352A −18. ± 2. 10. ± 2. × 104 10. ± 2.
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